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Abstract

The concept of ‘Energy from waste’ is one of the most focused areas of work to find a solution for controlling trash
and combat energy crises. In Pakistan and other agricultural countries, because of their substantial use during the
summer, watermelon peels as fruit waste are usually thrown out as a trash. This study supported the management
of huge quantities of waste to value-added products at a commercial scale. The current study aims to select and
subject xylanolytic and ethanologenic Bacillus cereus XG2 for water melon peels valorization appropriately with
comparison of three hydrolysis techniques. The study will be helpful for selection of economical and environmen-
tally beneficial valorization strategies. For ethanalogenesis, separate hydrolysis and fermentation (SHF) protocols
with Saccharomyces cerevisiae K7 and Metchnikowia cibodasensis Y34 were used. For hydrolysis, three different
saccharification approaches, viz. dilute sulfuric acid, enzymatic hydrolysis (using Bacillus cereus XG2 xylanases),
and combined acidic and enzymatic hydrolysis, were adopted. Two statistical models, Placket-Burman (hydroly-
sis) and Central composite design (ethanologenesis) were used. In untreated watermelon waste (WW), reducing
sugar, total lipids, total carbohydrates, and protein contents were calculated as 16.70+0.05 g/L, 3.20+0.02 g/L,
28.7+0.04 g/L, and 3.70+0.03 g/L, respectively. Similarly, the lignin (15.51+0.22%), hemicellulose (17.20+2.30%).
and cellulose (52.26+0.33%) contents were also analyzed. Based on the significance of the Plackett—Burman
model for enzymatic saccharification, the released reducing sugars as well as total sugars were 21.62+0.01 g/L and
43.30+1.55 g/L, respectively, and enzymatic hydrolyzate was adopted for further fermentation experiments. By
CCD model, the highest ethanol yield calculated for yeast Metchnikowia cibodasensis Y34 was 0.4+0.04 g/g of fer-
mentable sugars at 32.5°C with 50% enzymatic hydrolysate of WW by incubating for 8 days. It was suggested that
SHF could be a beneficial approach to increase the conversion of hemicellulose to fermentable sugars to produce
bioethanol on a large scale.
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Introduction

Pakistan is a developing state with a sharp increase in
population density, and countering serious economic and
energy crises. Pakistan’s requirement for energy is rising
day by day, with the latest estimated demand of 84 mil-
lion tons of oil equivalent (MTOE). For the time being,
the usage of fossil fuels has been controlling Pakistan’s
energy zone. However, indigenous fossil fuel reserves are
being consumed sharply and are not able to cope with
increasing energy requirements. Therefore, to fulfill its
rising energy demands, the country is required to find
alternative energy resources. Biomass is one of the sub-
stitutes with wide capability to help Pakistan overcome
its ever-growing energy demands (Ullah et al, 2023;
Narjis et al., 2023; Aziz et al., 2023; Shah et al., 2023;
Khan et al., 2022).

Lignocellulosic biomass (LCB) chiefly comprises three
polymers: cellulose, hemicellulose, and lignin. These
three polymers are linked to each other in a heterogenous
form to distinct degrees and with differing constitutions
based on the type, species, and even origin of biomass.
The comparative profusion of cellulose, hemicellulose,
and lignin are important factors to dictate optimum
energy (Bajpai, 2016). Hemicellulose is the second most
available renewable biomass and is regarded as 25-35%
of LCB (Kumar et al., 2008).

The main obstacle to the stable usage of LCB as a sub-
strate for bio-based fuels is the complex processing of
LCB because of its complex structure to decompose
into fermentable C5 and C6 sugars on account of recal-
citrance (Guerriero et al., 2016). Debilitating the recalci-
trance needs a mixture of thermal, chemical, enzymatic,
and microbial pretreatment processes, leading to high
financial inputs (Alvira et al, 2010). Circumstantially,
pretreatment is a crucial step designated to distort recal-
citrant structure in LCB, shatter lignin bonding, and
decrease degrees of cross-linking of cellulose and hemi-
cellulose held within it (Chen et al., 2017; Loow et al.,
2015).

Hard as well as annual supply of wood comprises xylan
(hemicellulose) as the second highest polysaccharide
available in nature. Hemicellulose is as abundant as cel-
lulose and accounts for roughly one-third of the sus-
tainable organic carbon reserves of the earth (Kamble
and Jadhav, 2012). Owing to its complexities and variety,
the complete breakdown of xylan needs several work-
ing enzymes, known as xylanases. Bacteria and fungi
are equipped with the xylanolytic system. Different hab-
itats, such as marines (Annamalai et al., 2009), thermal
springs (Bouacem et al., 2014), soda lakes (Huang et al.,
2015), and Antarctic environments (Bradner et al., 1999),
possess xylanolytic microorganisms. Various Bacillus

species produce large amounts of extracellular enzymes
to ferment a variety of substrates over a range of pH and
temperature values, making them the most useful hosts
for the industrial production of many improved novel
products (Rashid and Sohail, 2021).

Various methods are studied for the best saccharifica-
tion/hydrolysis of xylan into monosaccharides, especially
xylose. Nowadays, hydrolysis is done by acids, alkalis,
peroxides, high temperatures, vapor, microwave, and
ionic liquids. Hydrolysis by dilute acid is considered an
effective way to make hemicellulose susceptible to sub-
sequent hydrolytic enzymes. Therefore, for optimum
breakdown of hemicelluloses, harmonious action of acids
and enzymes is required (Azhar et al., 2015; Isikgor and
Becer, 2015).

For this purpose, available xylanases are potentially ben-
eficial enzymes for breaking the xylosidic bonding of
xylan-rich LCB. Xylanases are excessively obtained from
microorganisms for multiple industrial/commercial pur-
poses. In recent times, the maximum industrial focus
has been on xylanases for production of bioenergy, wood
pulp bioleaching, food and beverages manufacturing,
animal diet, production of chemical and pharmaceuti-
cal goods, etc. (Chaudhury et al., 2023). Focusing on the
global energy crisis, it is utmost importance to convert
biofuels, such as bioethanol, into energy system. In this
regard, the production of ethanol via microbial fermenta-
tion using LCB, such as fruit wastes, can be considered as
the most favorable and economical means in agricultural
and developing countries like Pakistan. Today, ethanol is
considered one of the most efficient liquid biofuels, capa-
ble of substituting depleting ordinary fuels (Saleem et al.,
2020).

Various bacterial species are known to harbor influen-
tial xylanases for the transformation of hemicellulose
into xylose. A few examples include B. halodurans, B.
subtilis, Thermomonospora fusca and B. amyloliquefa-
ciens (Li et al., 2023; Banka et al., 2014; Chakdar et al.,
2016; Chaudhary et al., 2023; Thomas et al., 2014).
Industrial xylanases removed from these microbes
during different bioprocesses yield highly value-added
products. However, utilizing commercially feasible
enzymes for these production processes leads to huge
input costs.

In this context, the current study aimed to explore the
potential of xylanase degrading bacterial isolates for pro-
cessing of locally disposed of watermelon waste (WW).
Pakistan is the 18th largest producer of watermelon,
with 2.41 million tons of annual cultivation and around
540,000 metric tons of fruit waste, which requires proper
elimination as well as utilization. Watermelon waste,
if managed and utilized properly as a raw material for
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fermenting bioethanol, helps to lessen environmental
pollution and earn economic benefits (Alex et al., 2017;
Kassim et al., 2022).

The development of the bioeconomy encouraged
advances in conventional methods for converting cel-
lulose to ethanol. In order to apply process technology
at an industrial level, hemicellulosic stream should be
assimilated equally with celluloses for ethanol conver-
sion to cut the cost of waste management. Therefore,
screening special strains of bacteria and yeast for the
fermentation of both pentose and hexose, as well as
the selection of a better saccharification technique, is
required to accomplish process economization in a con-
solidated bioprocess.

After the biomass hydrolysis of recruiting monosugar
(i-e., xylose), next step is the conversion of these fer-
mentable sugars into ethanol. In this regard, various yeast
species have shown remarkable ethanologenic potential.
However, yeast in its native form rarely shows combined
xylanolytic and ethanologenic properties. Prospectively,
the present investigation drives for the appropriate selec-
tion and subjection of xylanolytic and ethanologenic
microbes via separate hydrolysis and fermentation by
utilizing watermelon peels. It is expected that once the
above-mentioned approaches are established, biowaste
valorization into value-added products, such as etha-
nol, could be intensified in a cost-competitive and eco-
friendly manner.

Materials and Methods

The most tasty and affordable fruit consumed in
Pakistan throughout the summer season is watermelon.
Watermelon waste was used as a source of raw LCB
for the study. It was obtained from local market and
processed after proper washing with water and drying
at 60°C. A fine particle size of 1 mm was screened by
grinding and sieving. Dried WW substrate was stored
in airtight jars. For analysis of protein and sugar con-
tents, extraction with distilled water (10%) was done;
for extraction of lipids, ethanol (10%) was used. Phenol-
sulfuric acid (PSA), Zollner and Kirsch colorimetric
method, 3,5-dinitrosalicylic acid (DNS), and Lowery
assay protocol were followed for the determination of
total sugar (carbohydrates), lipids, reducing sugar (RS),
and total protein contents (Dubois et al., 1956; Lowry
et al., 1951; Miller, 1959; Zollner and Kirsch, 1962). The
protocol suggested by Association of Official Analytical
Chemists (AOAC, 2012) was followed to determine the
moisture content of peels. Hemicellulose, lignin, and cel-
lulose contents and extractives were determined using
the approach followed by Lin ez al. (2010), with some
modifications.

Bioethanol production from biowaste

Microbes used for the study

Bacillus cereus XG2 (OM 970803) with a xylanolytic
potential of 0.226+0.011 pmol/min/mL was used for
enzymatic saccharification (Chaudhary et al., 2023).
Two vyeast isolates Saccharomyces cereviceae K7 and
Metschnikowia cibodasenis Y34 were obtained from
the author’s microbiology laboratory to carry out fer-
mentation experiments (Chaudhary and Karita, 2017).
Saccharomyces cerevisiae K7, provided by the Brewing
Society of Japan (Tokyo, Japan), served as a standard
yeast strain. Metchnikowia cibodasensis Y34 was iso-
lated from Abelia flower; it has the capacity to produce
ethanol (1.80+0.05%) through ethanologenic processes
(Chaudhary and Karita, 2017).

Placket-Burmen (PB) design for screening of
saccharification parameters

For a comparative study of WW hydrolysis, three treat-
ments, viz. enzymatic, diluted sulfuric acid, and com-
bined modality (acidic followed by enzymatic), were
used. For screening of hydrolysis parameters, PB designs
were used, where main effects were confounded with
two-factor interactions. PB tool was used to determine
significant elements and complete preliminary screen-
ing and evaluation of experimental parameters. The tool
helped in the screening of irrelevant variables to prevent
the accumulation and processing of ample data. In all,
12 runs of PB design dealt with multiple parameters for
three different treatments.

Parameters for acidic saccharification were 1:10 WW,
temperature of 50-100°C, 30—60-min hydrolysis time,
and 2-6% H,SO, concentration. To prepare crude
enzyme for enzymatic hydrolysis, a neutral basal medium
(%) consisting of 0.1-g yeast extract, 0.05-g Na,C,H.O,,
0.2-g potassium dihydrogen phosphate, and 0.01-g
MgSO, was prepared. It was then incubated for 72 h at
a temperature of 37°C (Bai et al., 2012). Acetate buffer
(0.2 M) with WW was used as a substrate buffer (Abu-

Gharbia et al., 2018).

Enzymatic hydrolytic parameters were as follows: hydroly-
sis duration of 1-5 days, temperature of 55-65°C, acetate
buffer, 80—90%, enzyme load of 9.17-18.97 umol, buffer pH
of 6-9, and WW 5-10 g. Sulfuric acid hydrolysate was pre-
pared for combined treatment by following the saccharifi-
cation conditions computed by the software for optimum
responses (Table 1): temperature range of 55—-65°C, enzyme
dosage of 9.17-18.97 umol, duration of hydrolysis of 1-5
days, acid hydrolysate volume of 50-75 mL, acetate buffer
volume of 25-50 mL, and buffer pH of 6-9. Experimental
responses in three PB designs were conducted to investigate
reducing and total sugars (g/L). Released sugars from WW
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Table 1. Compositional analysis of untreated watermelon peels
waste (WW).

Parameters Contents

Proteins (g/L) 3.7+0.03
Lipids (g/L) 3210.02
Carbohydrates (g/L) 28.7+£0.04
Reducing sugars (g/L) 16.7 £ 0.05
Hemicellulose (%) 17.20 £2.30
Weight loss (%) 15.03 £ 0.50
Lignin (%) 15.51 £ 0.22
Cellulose (%) 52.26 £ 0.33
Moisture (%) 0.74 £ 0.05

All values represent mean of three replicates + standard error
of mean (SEM).

were determined statistically using PB tools and the high-
est theoretical reducing sugars were calculated. Conditions
for predicted theoretical reducing sugars were validated by
carrying out hydrolysis experiment.

Optimization of fermentation parameters by central
composite design (CCD)

Among three hydrolysis techniques, enzymatic hydro-
lyzate of WW with screened conditions was selected
for the fermentation experiment. CCD tool was used to
optimize fermentation parameters. The Design Expert
software (ver. 8.0; Stat-Ease Inc., Minneapolis, MN, US)
was employed to design PB and CCD models. A 20-run
experiment was designed by CCD with three parameters.
Three factors for fermentation were 25-40°C with 1-15
days of incubation period, and ratio of hydrolyzate and
minimal medium (25:75 to 75:25). Three responses, viz.
ethanol assay, ethanol yield, and yeast growth were ana-
lyzed in the experiment. Yeast inoculum was prepared in
MYG (Malt extract-Yeast extract-Glucose) medium hav-
ing composition (%) as Malt extract 0.3 g, Yeast extract
0.3 g and glucose 1.0 g. Minimal medium (g/L) comprised
the following: 0.7 g of yeast extract, 0.09 g of magnesium
sulfate heptahydrate, 0.3 g of KH,PO,, 0.042 mg of zinc
chloride, 0.27 of (NH,),SO,, 0.155 of citric acid, 0.7 of
sodium citrate, and 0.035 of calcium chloride (Camelia
et al., 2010). Biochemical analysis (g/L) of ethanol and
reducing sugars was done following DNS and potassium
dichromate protocols (Bennett et al., 1971; Miller, 1959).
Ethanol yield (g/g) was calculated by dividing ethanol
contents (g/L) by the sugar consumed (g/L). Optimized
point prediction of parameters with the highest ethanol
yield was computed by CCD statistical tools. By perform-
ing fermentation experiment, selected optimum con-
ditions were validated and actual yield was computed.

Three-dimensional (3D) graphs were plotted to elucidate
interconnection of factors on responses.

Results
Biochemical compositional analysis of watermelon waste

The biochemical compositional analysis of WW is pre-
sented in Table 1. In WW (without pretreatment), follow-
ing contents were calculated: reducing sugars 16.7+0.05,
total lipid 3.2+0.02, total sugars (TS) 28.7+0.04, and total
proteins 3.7+0.03. The calculated cellulosic contents
(52.26+0.33) were computed by subtracting the sum of
weight loss (15.03+0.5), hemicellulose (17.20+2.30), and
lignin (15.51+0.22) from 100.

Placket-Burman design to screen saccharification
conditions for different pretreatments

The data for different responses of acidic hydrolysis are
presented in Table 2. The highest amount of total sugars
and reducing sugars released were 39.82+2.75 g/L and
29.46+0.01 g/L, respectively, at 100°C with 6% diluted
H,SO, and 10-g WW treated for 60 min. For enzymatic
hydrolysis of WW, reducing sugars (21.62+0.01 g/L) and
total sugars (43.3+1.55 g/L) were released in 5 days with
an enzyme dose of 9.17 pmole/mL/min. Other parame-
ters were buffer of 80 mL, pH of 9, and temperature of
55°C, as shown in Table 3. The most favorable condi-
tions for optimum combined (acidic+enzymatic) hydro-
lysis were as follows: hydrolysis time: 5 days, bacterial
xylanase: 9.17 pmole/mL/min, buffer: 50 mL with pH of
6, acid hydrolysate at 65°C: 75 mL, with respective opti-
mum reducing sugars and total sugars as 22.30+0.02 g/L
and 41.20+1.15 g/L (Table 4).

Statistical analysis of Placket-Burman model
for different treatments

The data for ANOVA to analyze the fitness of model for
acidic, enzymatic, and combined hydrolysis treatments
are tabulated in Table 5. For reducing sugars released
by acidic hydrolysis, PB model was nonsignificant with
a carrying model F-value of 1.98, which occurred due to
95% chance and noise. Total sugars PB hydrolysis model
is non-significant due to lower F-value (2.28) as related
to signal to noise ratio. F value is the measure of the ratio
between the variance among group (signal) and the vari-
ance within each group (noise). The F value provides a
quantitative measure of the signal-to-noise ratio. The PB
model for reducing sugars in enzymatic hydrolysis was
significant due to an F-value of 6.50 with 94% chance.
The PB total sugars model for enzymatic hydrolysis
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Table 2. Different parameters and responses interpreted for acidic hydrolysis of watermelon peels waste (WW) by Plackett-Burman (PB)

design.
Runs  A:Temp.(°C) B: Incubation time (min)  C: Acid conc. (%) D: Peels (%) Reducing sugars (g/L)  Total sugars (g/L)
1 50 60 6 5 0.75£0.01 7.76 £ 0.03
2 50 30 6 10 27.42 +0.01 33.16 + 3.84
3 100 60 6 5 5.45+0.01 11.60 + 1.34
4 50 30 2 5 15.23 + 0.01 27.4140.69
5 50 60 2 10 2.79£0.02 14.86 + 0.92
6 100 30 2 10 26.62 + 0.02 33.70£1.99
7 100 60 6 10 29.46 + 0.01 39.82+2.75
8 50 30 6 10 2110+ 0.02 31.67 £ 0.66
9 100 60 6 5 28.87 £ 0.01 35.51+2.37
10 100 30 2 10 13.18 £ 0.16 25121 0.62
11 100 60 2 5 11.00 + 0.01 18.89 £ 0.20
12 50 30 2 5 0.13+0.16 8.21 £ 0.02
All values represent mean of three replicates * standard error of mean (SEM).

Table 3. Different parameters and responses interpreted for enzymatic hydrolysis of watermelon peels waste (WW).
Runs  A:Temp. B:lIncubation C:Enzymedose  D:Bufferconc. E:Peels(g) F:pH Reducing sugar Total sugar

(°C) time (days) (umole/mL/min) (mL) (g/L) (g/L)

1 65 5 9.17 90 10 6 18.38 £ 0.13 41.80 £ 0.71
2 65 5 9.17 90 6 8.82 £ 0.01 17.42 £0.02
3 65 1 18.34 80 6 17.32 £ 0.01 39.50 £ 0.12
4 55 5 9.17 80 9 21.62 £ 0.01 43.30 £ 1.55
5 55 1 9.17 90 10 9 13.13 £ 0.04 28.98 £ 0.07
6 55 1 18.34 90 10 6 15.60 £ 0.03 32.71+0.03
7 65 1 18.34 90 & 9 12.19 £ 0.04 29.13+0.10
8 65 9 18.34 80 10 9 16.70 £ 0.13 32.03+0.20
9 55 5 18.34 90 5 9 4.62+0.01 11.71 £ 0.06
10 65 1 9.17 80 10 9 9.54 £ 0.02 24.9910.01
11 55 & 18.34 80 10 6 10.02 £ 0.05 24.7510.01
12 55 1 9.17 80 5 6 3.70 £ 0.03 17.10 £ 0.009

was also significant with an F-value of 18.29 with 98.0%
chance because of noise. As the combined treatment was
studied, the model for reducing sugars was nonsignifi-
cant with an F-value of 2.07, with 63% chance occurring
because of noise. Nonsignificant total sugars model val-
ues was indicated by 73% chance that was due to large
occurring noise and an F-value of 1.57.

Statistical data of calculated regression coefficients for
three treatments are presented in Table 6. For acidic
hydrolysis, ‘pred R? of 0.979 and ‘adj R¥ of 0.886 for
reducing sugars coincided with each other. The value
of 8.51 for adeq precision provided adequate signals to
favor the model’s navigation to design space. For total
sugars, pred R* of 0.456 inferred better prediction of

response than the current model. The value of 14.52
for adeq precision indicated better signal for model.
Concerning enzymatic hydrolysis, R* = 0.920 and adj R?
= 0.779 interpreted the significance of model for reduc-
ing sugars. The value of 6.25 for adeq precision navigated
the design space by adequate signal. For total sugars
response, the larger adeq precision value of 13.70 pre-
dicted the appropriateness of model. For reducing sugars
response in combined treatment, overall means pre-
dicted better results due to a negative pred R? of -1.070
than the current model, implying that the overall means
was a better predictor of response. The values of 0.630
for R* and 0.205 for adj R? implied the nonreliability of
model. For total sugars response, R* = 0.733 and adj R?
= 0.266 implied less reliability of model. Adeq precision

Italian Journal of Food Science, 2024; 36 (2)

235



Chaudhary A et al.

Table 4. Different parameters and responses interpreted for combined hydrolysis of watermelon peels waste (WW).

Runs A: Temp. B: days C: Enzyme dose D: Buffer E: Acid F: pH Reducing Total
(°'C) (umole/mL/min) conc. hydrolyzate sugars sugars
(mL) (mL) (glL) (glL)
1 65 5 18.97 25 50 9 3.20£0.01 17.30 £ 0.28
2 65 1 18.97 50 50 9 6.34 £ 0.01 26.80 £ 0.03
3 65 5 9.17 25 75 9 10.40 £ 0.03 29.00 £ 0.05
4 65 1 18.97 25 75 9 15.10 £ 0.01 27.30 £0.03
5 55 5 18.97 25 75 6 7.40£0.01 25.20 £ 0.01
6 65 5 9.17 50 75 6 22.30£0.02 4120+ 1.15
7 55 1 9.17 50 75 9 1210 0.10 30.50 £ 0.04
8 65 5 18.97 50 50 9 20.50 £ 0.07 37.70 £ 0.07
9 55 1 9.17 25 50 6 19.50 £ 0.03 34.10 £ 0.05
10 65 5 9.17 50 50 6 13.04 £ 0.02 3240 £0.03
11 55 1 18.97 50 75 6 16.40 £ 0.03 29.70 £ 0.04
12 65 1 9.17 25 50 6 5.20£0.02 28.30 £ 0.06

All values represent mean of three replicates + standard error of mean (SEM).

Table 5. Analysis of variance for the responses with watermelon peels waste (WW) treatments using Plackett-Burman (PB) design.

Treatments Responses Source Sum of squares DF Mean square F value p value
Acidic Reducing sugars Model 1382.21 9 153.58 1.98 0.51, not significant
hydrolysis Residual 29.25 2 14,62
Core total 1411.46 11
Total sugars Model 1403.61 10 140.36 2.28 0.22, not significant
Residual 5.32 1 5.32
Core total 1408.93 1
Enzymatic Reducing sugars Model 241.47 10 2415 6.50 0.04, significant
hydrolysis Residual 94.30 1 9.00
Core total 80.78 1
Total sugars Model 682.68 10 68.27 18.29 0.02, significant
Residual 426.14 1 426.14
Core total 1108.82 1
Combined Reducing sugars Model 418.65 10 41.86 2.07 0.50, not significant
treatment Residual 2022 1 2022
Core total 438.87 1
Total Sugars Model 412.64 10 41.26 1.57 0.35, not significant
Residual 0.11 1 0.11
Core total 412.75 1

Table 6. Regression model for various responses with watermelon peels waste (WW) hydrolysis strategies using Plackett-Burman (PB) design.

Treatments Responses cv Press R? Adj R? Pred R? Adeq precision
Acidic Reducing sugars 25.21 1052.98 0.979 0.886 0.254 8.51
hydrolysis Total Sugars 9.62 766.08 0.996 0.959 0.456 14,52
Enzymatic Reducing sugars 8.81 58.49 0.920 0.779 0.276 6.25
hydrolysis Total Sugars 1197 412747 0.979 0.926 0678 13.70
Combined Reducing sugars 82.63 1583.14 0.630 0.205 -1.070 4.20
hydrolysis Total Sugars 32.35 492197 0.733 0.266 1,401 422
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values of 4.20 (for reducing sugars) and 4.22 (for total
sugars) presented adequate signals.

Validation of predicted contents by PB model via
experimentation

Table 7 shows the data for predicted and experimental
responses. In acidic hydrolysis, the predicted values for
total and reducing sugars were 39.37 g/L and 29.95 g/L,
respectively, with 10% WW of 30 min at 100°C with 6%
diluted sulfuric acid. Predicted values for both responses
of enzymatic hydrolysis were 41.3 g/L and 26.96 g/L,
respectively, under the incubation period of 5 day at 65°C
with 9.17 pmole/min/mL enzyme load, 80 mL of acetate
buffer at pH 6 and 5% WW.

Predicted values with combined treatment for reducing
and total sugars were 25.38 g/L and 35.41 g/L, respec-
tively, computed under the following conditions: 5-day
incubation, 65°C temperature, 9.17 pmole/min/mL
enzyme load, 25-mL acetate buffer, pH 9, and 50-mL acid
hydrolyzate. The experimental values improved in case
WW was subjected to different hydrolysis with predicted
parameters.

Central composite design for optimization of
fermentation parameters

The values showing ethanol yield and titer under different
conditions of CCD are shown in Table 8. Both strains of
yeast gave maximum yield at 32.5°C with 50-mL hydro-
lysate incubated for 8 days, where 0.37+0.03 g/g ethanol
was yielded by S. cereviseae K7 and 0.40+0.04 g/g ethanol
was yielded by M. cibodasensis Y34.

The ANOVA data are shown in Table 9. The model
for ethanol yield was found significant with respec-
tive F-values and P-values of 5.07 and 0.009 for S. cer-
eviseae K7 and 4.42 and 0.034 for M. cibodasensis Y34.

Bioethanol production from biowaste

The F-value of 2.52 for ethanol content showed the mod-
el’s insignificance for standard yeast.

The statistical values of regression coefficients, CV
(Coefficient of variation), and adequate precision are
shown in Table 10. The variable of the models attributed
up to 91% and the reliability of yield for standard yeast
was indicated by R* = 0.82 and adj R*> = 0.65 that was
coincided with values of adequate precision (7.21) and
CV (21.37). The values of CV and adequate precision sug-
gested the model fit. In this study, the smaller CV values
and adequate precision more than 4 suggested the good
model fit due to smaller the residuals relative to the pre-
dicted value. Similarly, the experimental yeast indicated
yield significance by R? (0.76), adj R* (0.53), adeq preci-
sion (6.25), and CV (22.41). For ethanol titer synthesized
by S. cereviseae K7 standard yeast, the following values
were observed: R? = 0.78, adj R? = 0.59, and adeq preci-
sion = 7.28. On the other hand, the experimental yeast
presented the following values: R* = 0.69, adj R* = 0.42,
and adeq precision = 6.47. These values interpreted less
reliability of model for this response.

Presentation of variable interrelationship in the form of
surface graphs

Figure 1 (S. cereviseae K7) and Figure 2 (M. cibodasenis
Y34) show the interconnection of different parameters
for response, that is, ethanol yield. 3D illustration was
used to analyze the effect of all variables with both yeasts.
In Figure 1A, with increase in incubation period, etha-
nol yield decreased slowly, while increase in hydrolyzate
resulted in slight increase in response. Figure 1B shows
a sharp increase with hydrolyzate and an infinitesimal
increase in temperature. In Figure 1C, optimum response
is observed for up to day 8, followed by a decreasing pat-
tern. Temperature had no effect on incubation days.

Figure 2A presents a slight increase in yield with an
increase in incubation period and hydrolyzate. In

Table 7. Validation of predicted parameter for watermelon peels waste (WW) hydrolysis using Plackett-Burman (PB) design.

Treatments Responses Predicted value (g/L) Experimental value (g/L) Residual Error (%)

Acidic Reducing sugars 29.95 30.46 + 0.004 0.51 1.70

hydrolysis Total Sugars 39.37 39.82£0.75 0.45 1.14

Enzymatic hydrolysis Reducing sugars 26.96 28.62 £ 0.01 1.66 6.15
Total Sugars 41.30 42.30 £ 0.55 1.00 242

Combined hydrolysis Reducing sugars 25.38 26.30 £ 0.02 0.92 3.62
Total Sugars 35.41 37.20£0.15 1.79 5.05

Residual = Experimental value — predicted value.

Error (%) = Residual/predicted value x100.
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Table 8. Central composite design (CCD) matrix representing optimized fermentation parameters for ethanol titer and yield responses.

Factors Saccharomyces cerevisiae K7 Metchnikowia cibodasensis Y34
Runs  A:HDL (mL) B: Time C: Temperature Ethanol contents Ethanol yield Ethanol contents Ethanol yield
(days) (°C) (glL) (9/9) (glL) (9/9)
1 50 8 45.1 2.55+0.01 0.18 £ 0.01 4.5+0.02 0.27 + 0.04
2 25 1 40 2.14 £0.02 0.09 £ 0.02 0.41+0.01 0.13+0.03
3 75 1 40 3.78£0.03 0.27 £ 0.01 4.38 +0.04 0.14 £0.03
4 25 15 40 1.06  0.01 0.10 £ 0.01 2.90 £ 0.02 0.23 +0.02
% 75 15 25 217 £0.03 0.1510.01 24+0.02 0.14 £0.03
6 7.95 8 325 2.04 £0.01 0.07 £ 0.01 3.0£0.01 0.10 + 0.01
7 75 1 25 2.32£0.02 0.18 £ 0.01 3.640.02 0.20 + 0.01
8 50 8 32.5 2.60 £0.04 0.30 £ 0.03 3.84 £ 0.01 0.33 +0.03
9 25 15 25 2.23+0.01 0.32 £ 0.01 320+ 0.01 0.34 +0.04
10 50 8 19.8 4.51£0.03 0.35 £ 0.02 4.50 £ 0.03 0.36 + 0.02
1 50 19.7 32.5 3.53+0.03 0.29 £ 0.01 3.60 £0.02 0.27 £0.04
12 50 8 325 2.08 £ 0.01 0.23 + 0.02 2.50 £ 0.03 0.23+0.03
13 50 =3.77 32.5 1.36 £ 0.03 0.05 £ 0.01 2.10£0.01 0.10 £ 0.01
14 50 8 32.5 4.59 + 0.01 0.37 £0.03 5.40 £0.01 0.40 £ 0.04
15 50 8 325 4.22 £ 0.01 0.35 £ 0.01 5.00 + 0.02 0.39 + 0.05
16 92.04 8 32.5 3.63+0.03 0.36 + 0.02 4.60 £ 0.02 0.38 + 0.03
17 50 8 32.5 3.94 £ 0.04 0.35+0.03 4.80 £ 0.02 0.37 £ 0.04
18 25 1 25 0.16 £ 0.01 0.13 £ 0.04 1.10 £ 0.01 0.11+0.03
19 50 8 32.5 2.40£0.01 0.210.02 2.40£0.01 0.21+0.02
20 75 15 40 3.48 £ 0.01 0.30 £ 0.01 3.50 + 0.02 0.31+0.08

Table 9. Fitted quadratic regression model for various responses in fermentation of watermelon peels waste (WW).

Responses Yeast isolates Source Sum of squares DF Mean of square F value P value

Ethanol yield S. cerevisiaea K7 Model 0.16 9 0.017 5.07 0.009, significant
Residual 0.03 10 0.003
Lack of fit 0.03 5 0.006 8.62 0.016, significant
Pure error 0.04 5 0.001
Cor total 0.19 19

M. cibodasensis Y34 Model 0.13 9 0.014 4.42 0.034, significant

Residual 0.04 10 0.004
Lack of fit 0.04 5 0.007 6.45 0.030, significant
Pure error 0.06 5 0.001
Cor total 0.17 19

Ethanol titer S. cerevisiaea K7 Model 0.63 9 0.070 2.52 0.083, not significant
Residual 0.28 10 0.028
Lack of fit 0.06 5 0.013 0.29 0.890, not significant
Pure error 0.22 B 0.043
Cor total 0.91 19

M. cibodasensis Y34 Model 0.71 9 0.079 4.09 0.019, significant

Residual 0.19 10 0.019
Lack of fit 0.16 5 0.031 423 0.069, significant
Pure error 0.04 5 0.007
Cor total 0.90 19
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Table 10.  Analysis of variance of responses in fermented hydrolyzate by yeast isolates.

Responses Yeast isolates cv Press R? Adj R? RedRe Adeq precision
Ethanol yield S. cerevisiaea K7 21.37 0.26 0.82 0.65 0.342 7.21

M. cibodasensis Y34 22.41 0.29 0.76 0.53 0.673 6.25
Ethanol titer S. cerevisiaea K7 33.6 1.24 0.78 0.59 0.371 7.28

M. cibodasensis Y34 0.41 41.12 0.69 0.42 0.114 6.47

Figure 2B, an increasing response was observed for
62.5 mL hydrolyzate, followed by a slight decrease.
Temperature had no effect on response with hydrolyzate.
A sharp increase was observed with increase in incuba-
tion temperature and time (Figure 2C).

Productivity of ethanol contents in watermelon waste

Figure 3 shows the ethanol yield and titer of both iso-
lates with enzymatic hydrlozate (75%) of WW at 40°C
for 8 days. Both strains that showed an increase for both
responses interpreted the tolerance of yeast to ethanol.

Discussion

With increased environmental destruction linked to
combustion of fossil fuels, alternate biofuels have drawn
global attention. Specifically, bioethanol is regarded eco-
friendly, ensuring an ecologically sound future. Evaluating
in terms of its cost, at present, bioethanol costs approx-
imately US$0.5/L while utilizing first-generation (1G)
feedstock (e.g., sugar/starch-based crops). According to
the studies conducted in the United States and Brazil, its
cost increased by 10x with second-generation (2G) sub-
strates (e.g., lignocellulosic waste biomass). Compared to
2G substrates, cost of bioethanol utilizing 1G ethanolo-
genesis from sugar/starch feedstocks appears remuner-
ative; however, 1G feedstock competes with food items
that may lead to hunger, augmenting other problems.
Therefore, production of bioethanol using 2G cost-effec-
tive and environment-friendly processes are regarded as
more positive potentially (Obiora, 2022).

Xylan is discovered in nature as a heterogeneous com-
pound. Complex enzyme systems are required for its
breakdown. Microbe-derived enzymes convert xylan
into its monomers in an organized manner. A variety
of enzymes for breakdown of hemicellulose are pres-
ent in the environment. Xylan backbones are cleaved
at their reducing ends by exo-xylanases to form xylose
and short xylo-oligomers (Fushinobu et al., 2005; Ganju
et al., 1989; Honda and Kitaoka, 2004; Juturu et al., 2014;
Kubata et al., 1994; Kubata et al., 1995; Usui et al., 1999;
Tenkanen et al., 2013).

The current study dealt with xylanolytic potential of B.
cereus XG2 utilizing watermelon peels. The hemicel-
lulosic biomass was hydrolyzed and transformed into
xylose. Bacillus was identified as one of the possible
producer of xylanases among bacteria. Several bacilli
with effective xylanolytic activity have been reported,
including Bacillus circulans, Bacillus stearothermophi-
lus, Bacillus amyloliquefaciens, Bacillus subtilis, Bacillus
pumilus, and Bacillus halodurans (Banka et al., 2014;
Gupta et al., 2015; Subramaniyan and Prema, 2002;
Thomas et al., 2014). Bacillus species, Stenotrophomonas
maltophila and Rhodothermus marinus, Thermotoga
species, Clostridium thermocellum, and Streptomyces
species harbor thermo stable xylanases that are active
at temperatures as high as 60-70°C (Kumar and
Satyanarayana, 2014; Raj et al., 2013; Thomas et al,
2014). Bacteria is not able to ferment xylose into xylitol.
Bacterial xylose isomerases transform xylose into xylu-
lose. Both Embden—Meyerhof—Parnas (EMP) pathway
and pentose phosphate pathway convert xylulose to etha-
nol (Gupta et al., 2019).

In the current study, B. cereus XG2 worked efficiently
at pH 6. Bacterial xylanases are synthesized at alkaline
pH, while fungal xylanases work effectively in acidic
conditions. The results of the current study differed
from this findings and presented novel characteris-
tics. The biochemical composition of dried WW was
analyzed as follows: moisture (0.74+0.05%), hemicel-
lulose (17.20+2.30%), lignin (15.51+0.22%), and cellu-
lose (52.26+0.33). The reducing and total sugars were
16.7+0.05 g/L and 28.7+0.04 g/L, respectively. B. cereus
XG2 xylanolytic potential was evaluated with WW rinds
using PB design. Chaudhary et al. (2023) had reported
0.226+0.011 pmol/min/mL xylanolytic potential of B.
cereus XG2 to convert xylan into xylose.

Watermelon waste was saccharified chemically by dilute
sulfuric acid for different parameters employing PB
design. The highest predicted and experimental values
were 29.95, 30.46+0.004 g/L (reducing sugars) and 39.37,
39.82+0.75 g/L (total sugars). The optimized parame-
ters were 6% sulfuric acid, 100°C temperature, and 30
min optimum time. Arumugam and Manikandan (2011)
had reported varied values of reducing sugars: 36.67%
(banana) and 21.68% (mango). Acidic saccharification
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Figure 3. Correlation of ethanol titer (g/L) and consumed reducing sugars (g/L) under optimized conditions elucidated by
central composite design (CCD) from S. cerevisiae K7 and M. cibodasensis Y34 up to 8 days.

not only changes hemicellulose to monomers but also
affects the structure of lignocellulose to make it readily
accessible to enzymes (Loow et al., 2016; Toquero and
Bolado, 2014).

In case of enzymatic hydrolysis of WW, maximum pre-
dicted and experimental values for reducing sugars
were 26.96, 28.62+0.0007 g/L, and for total sugars, 41.3,
42.3+0.55 g/L. Optimum values were attained in 5 days,
at a temperature of 55°C with 9.17-pumol enzyme dose.
High enzyme load (9.17 pmol) was reported in the pres-
ent study for WW hydrolysis. These findings were in con-
trary to the values reported by Chaudhary et al. (2023),
that is, 0.917+0.059 pmol/min/mL and 0.817+0.036
pumol/min/mL for bacterial isolates Bacillus cereus XG2
and Enterococcus faecium XA2, respectively. The xylano-
lytic potential of termite gut-associated Candida pseu-
dorhagii was reported as 1.73 U/mL and 0.98 U/mL (Ali
etal., 2017).

Watermelon waste was exposed to combined acidic
and enzymatic treatment. The conditions for opti-
mum response were as follows: pH 6, temperature
65°C, enzyme dose, 9.17 pmol/mL/min, and sulfuric
acid hydrolyzate. Optimal predicted and experimental
reducing sugars were 25.38 g/L and 26.3+0.020 g/L, and
the corresponding values for total sugars were 35.4 g/L
and 37.2+0.15 g/L. In this treatment, acid hydrolyzate
was meant for further hydrolysis by bacterial xylanases.

Less sugars were released, compared to enzymatic
treatment. Seneesrisakul et al. (2017) determined that
glucose in the culture medium lowered endoglucanase
activity.

The fermentation parameters were optimized by CCD
model. The optimized parameters were as follows: enzy-
matic hydrolysate, 50 mL; synthetic media, 45 mL; tem-
perature, 32.5°C; and incubation time, 8 days. S. cerevisiae
K7 was used as standard yeast with an optimal yield of
0.37£0.026 g/g. M. cibodasensis Y34 was the experi-
mental yeast with an optimal yield of 0.4+0.039 g/g. The
present values corroborated the findings of Chaudhary et
al. (2022), that is, ethanol yield of 0.36+0.02 g/g with S.
cerevisiae K7 and 0.40+0.01 g/g by M. cibodasensis Y34
using WW.

Conclusion

The study discovered that optimum reducing sugars in
enzymatic hydrolyzate were 28.62+0.007 g/L determined
after 5 days, with 9.17 pmol/min/mL crude enzyme, at
pH 6 and temperature 65°C. The maximum ethanol yield
of 0.4+0.0035 g/g was estimated with Metchnikowia
cibodasenis Y34, using 50 mL of enzymatic hydrolyzate
at 32.5°C for 8 days. This yeast was assumed to have a
promising potential for converting fruit waste into
bioethanol.
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Recommendations

A comparative study of hydrolysis and fermentation of
WW offers an alternative method for waste processing
and management. The processed waste serves as raw
materials and source/substrate for the production of bio-
fuel. This work could be extended to batch and continu-
ous fermentation. The fermentors could be designed for
the production of bioethanol on a commercial scale.
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