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Green valorization of garlic peel
waste using halophilic laccase for
efficient biomass delignification
and biorefinery applications

Tina Adelpour’?2, Somayeh Mojtabavi':2, Zahra Mahmoudabadi-Arani?,

Maryam Bozorgi-Koshalshahi' & Mohammad Ali Faramarzi'™*

Lignocellulosic biomass, mainly composed of cellulose, hemicellulose, and lignin, is an abundant
renewable resource in agricultural and forestry residues. In contrast to cellulose and hemicellulose,
lignin remains underutilized due to its complex structure. In this study, a halophilic bacterium,
Virgibacillus salarius was isolated, and its laccase production was optimized for delignification. Using
response surface methodology (RSM), a maximum laccase activity of 392.0 U L2 was achieved. This
enzyme demonstrated high efficiency, reducing lignin content in garlic peel from 32.4 to 3.6% and
increasing cellulose content from 42.1 to 44.1%. Additionally, the delignified biomass exhibited
increased crystallinity and a porous surface, enhancing its suitability for further processing. The
delignification process yielded valuable by-products, including 3-hydroxybenzoic acid (a food
preservative and flavor enhancer) and aromatic compounds such as 2-methoxyphenol (guaiacol) and
ethyl-2-methoxyphenol (homovanillin), which are widely used as flavoring agents. These findings
emphasize the potential of V. salarius laccase in sustainable biomass conversion for industrial
applications.
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Lignocellulosic biomass, commonly consisting of agricultural residues, lumber, fruit and vegetable waste, and
forest leftovers, makes Earth’s most plentiful source of renewable organic material'. Much lignocellulosic biomass
is utilized in the paper and textile industries, heat and electricity generation, and bioethanol production?.
Moreover, easy availability and high sustainability make it a vital component of the green biorefinery strategy>>.
Hemicellulose, cellulose, and lignin constitute the main building blocks of lignocellulosic biomass with several
chemical and physical properties®. Lignin, unlike cellulose and hemicellulose, is relatively underutilized due to
its chemical stability and inherent complexity®. It is traditionally used as a low-tech heat and power generation
or a by-product in wood and pulp processing. This natural polymer, the second-most abundant carbon source
in the environment, comprises a mass fraction of 19-28% in hardwoods, 25-30% in softwoods, and 11-27%
in nonwoody sources®. However, over the past decade, lignin has demonstrated considerable potential as a
valuable resource for the synthesis of hydrocarbons (e.g., toluene, benzyl, and xylene), simple phenols (e.g.,
vanillin, eugenol, catechol, and quinones), polymeric compounds (e.g., carbon fiber and thermosets), and for the
production of nutraceuticals, pharmaceuticals, and cosmetics®. Currently, mechanical methods (such as milling),
ultrasonic disruption, and chemical treatments (pyrolysis, hydrogenolysis, hydrolysis, etc.) are the predominant
approaches for delignification and densification®. However, mechanical processing is typically prevalent; it
makes the fiber less intense and requires high energy consumption. The chemical process has also produced
numerous significant pollutants, posing a serious environmental threat’. As an alternative method, biological
treatments developed by microorganisms producing ligninolytic enzymes offer a more environmentally friendly
approach owing to their non-toxic nature’. Ligninolytic enzymes are broadly classified into two major groups:
peroxidases (including lignin peroxidase, manganese peroxidase, versatile peroxidase, and dye-decolorizing
peroxidase) and oxidases (primarily encompassing laccases)’. Although peroxidases appear more potent
for delignification due to their high redox potential, laccase is the preferred industrial choice®. Laccases are
preferred to peroxidases since they require only molecular oxygen (O,) as a co-substrate, while peroxidases need
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hydrogen peroxide (H,0O,), which is known to be destabilizing to enzymes and further leads to higher costs of
the processes’. Bacterial laccases often possess a wide range of activity, thermal stability, and chloride resistance,
making them more attractive than fungal enzymes!. In this context, extremophiles have received significant
attention due to their ability to produce stable laccases as extremozymes, which can exhibit activity on substrates
even under extreme reaction conditions'!. Employing extremophilic enzymes for treating lignocellulose can
increase solubility, enhance bioavailability, reduce viscosity, improve reaction rate, and decrease the potential
for mesophilic microbial contamination®. Therefore, applications of halophiles in bio-delignification processes
present a promising avenue for enhancing the feasibility and sustainability of this industrial sector. This
study was undertaken to isolate and characterize a halophilic, laccase-producing bacterium from hypersaline
environments in Iran and evaluate its potential for the sustainable delignification of garlic peel biowaste. Indeed,
biowaste refers to the discarded peels of garlic. These peels result from garlic processing and consumption,
often regarded as waste and discarded. Garlic is a globally significant crop, ranking among the top 10 vegetables
produced worldwide!. Global garlic production has increased from 27.6 million tons in 2017 to approximately
30.1 million tons today'2. China, the world’s largest garlic producer, harvested 21,197,131 tons in 2016, followed
by India (1,400,000 tons) and Bangladesh (381,851 tons)'®. Garlic processing generates significant by-products,
including skins, outer leaves, tops, and bottoms, often discarded or used as soil amendments, leading to
environmental concerns. To address this issue, these by-products can be valued through various applications.
Delignification of garlic peels, for instance, can produce cellulose, tannins, oligosaccharides, allicin, and inulin'4,
Additionally, they can serve as a substrate for mushroom cultivation and are used as a dietary fiber source in
animal feed. Extracts from skins and outer leaves have the potential as corrosion inhibitors, emulsifiers, and
antioxidants'®. Furthermore, garlic by-products can be employed as sorbents to remove pollutants (metal ions,
dyes, and other organic compounds) from water'®. Some studies have also explored the potential of utilizing
treated garlic waste as silage additives to enhance fermentation quality and improve feed efficiency!’. The
novelty of this study lay in isolating a halophilic, laccase-producing bacterium from hypersaline environments,
which offered an innovative, eco-friendly approach for the sustainable delignification of garlic peel biowaste.
This creative method reduced lignin and generated valuable by-products, enabling efficient agricultural waste
valorization and supporting green biorefinery strategies. The study aimed to minimize environmental impact
and maximize by-product recovery from a significant waste stream by harnessing this unique bacterium.

Materials and methods

Chemicals and reagents

Vanillin, o-toluidine, xylidine, 2,6-dimethoxyphenol (2,6-DMP), 4-hydroxybenzoic acid (HBA), 1-hydroxy
benzotriazole (HBT), guaiacol, and gallic acid were obtained from Sigma-Aldrich (St. Louis, MO, USA). Yeast
extract, peptone, casein, inulin, pectin, and soluble starch were supplied from Merck (Darmstadt, Germany). All
other chemicals were of analytical grade and purchased from commercial sources.

Isolation of halophilic and laccase-producing bacterium

Soil samples were collected from the hypersaline environments of four provinces (Golestan (37°13’4"N,
54°7’16"E), Isfahan (33°41°28"N, 55°41°24"E), Qom (34°59’19”N, 50°53’°31”E), and Mazandaran (36°05’15"N,
53°02°45"E)) in Iran to isolate a halophilic and laccase-producing bacterium. The samples were cultivated on
Luria-Bertani (LB) agar plates containing 0.5% yeast extract, 1% peptone, and 3 M sodium chloride at pH 7
and 37 °C under aerobic conditions. This process was repeated until pure colonies were obtained. The isolated
bacteria were then transferred onto LB agar supplemented with 0.1% w/v 2,6-DMP, a laccase indicator, and
incubated at 37 °C for 6 days. The strain that exhibited a colored halo around the colonies, resulting from the
enzyme’s oxidative activity on the substrate, was selected for laccase activity assessment in an LB liquid medium.
The bacterium was stored at —80 °C in LB broth containing 15% v/v glycerol for long-term storage. Short-term
storage involved monthly cultivation of the LB agar plate, which was then kept at 4 °C in a refrigerator.

Enzyme activity and protein assay

The laccase activity was measured by centrifuging 1 mL of the bacterial broth culture for 10 min at 8000g.
The supernatant was mixed with an equal volume of 10 mM 2,6-DMP dissolved in Britton-Robinson buffer
(BRB; 100 mM, pH 7) containing 3 M sodium chloride. After incubating the mixture with agitation at 40 °C
for 15 min, the density of red brick color due to the oxidation of the substrate was measured using a UV-vis
spectrophotometer (Synergy HTX, BioTek, Germany) at 468 nm (g, = 35,640 M™! cm™). Laccase activity was
reported in international units (IU), representing the amount of enzyme that converts 1 umol of substrate to
product per min'®. Protein concentration was determined using the Bradford method, with UV-vis absorbance

measured at 595 nm and a standard curve prepared using bovine serum albumin'®,

Biochemical characterizations and phylogenetic study on the isolate

The pigmentation of the grown colonies was observed on an LB agar plate after incubating the medium at
37 °C for 48 h under aerobic conditions. Microscopic assessment was conducted by Gram staining the microbial
isolate. Biochemical characterizations were evaluated through experiments that included measuring the activity
of catalase, oxidase, and urease; fermenting arabinose, fructose, galactose, glucose, lactose, mannitol, sucrose,
and trehalose; and hydrolyzing aesculin and gelatin. To amplify the 16 S rRNA gene, the primers 27 F (5-AGA
GTTTGATCCTGGCTCAG-3’) and 1525R (5-AAGGAGGTGATCCAGCC-3’) were employed!. The thermal
cycler was programmed with an initial denaturation at 94 °C for 5 min, followed by 35 cycles of 94 °C for 60 s,
55 °C for 60 s, and 72 °C for 90 s, with a final extension at 72 °C for 10 min. Subsequently, the PCR product (ca.
1.5 kbp) was sequenced and analyzed using the Basic Local Alignment Search Tool (BLAST) in GenBank (http://
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www.ncbi.nlm.nih.gov/BLAST). A phylogenetic tree was constructed using the neighbor-joining (NJ) algorithm
in MEGA 7 software.

Enhancing laccase production by the halophilic isolate bacterium

One-Factor-at-a-Time (OFAT) study on enzyme production

An initial OFAT study was conducted to determine the nutritional and environmental factors influencing
laccase production. This method involved systematically varying one parameter at a time while keeping all other
variables constant, allowing for the identification of factors that significantly impact laccase production. These
parameters included the concentration of sodium chloride (0-5 M, 1 M intervals), temperature (10-45°C, 10°C
intervals), pH level (4-9, 1 unit intervals), the medium-to-air ratio (1:10-5:10, 1:10 intervals), and inoculum size
(1-5%, 1% intervals). Furthermore, various substrates, including glucose, fructose, galactose, sucrose, maltose,
lactose, inulin, pectin, and soluble starch, were tested to evaluate the effect of different carbon sources on laccase
production. Each carbon source was assessed at concentrations of 0.5%, 1%, and 2% w/v. In addition, nitrogen
sources, including ammonium chloride, ammonium oxalate, sodium nitrate, peptone, yeast extract, and casein,
were investigated at concentrations of 0.5%, 1%, and 2% w/v. The influence of trace elements, specifically cobalt
(II) chloride, calcium chloride, zinc sulfate, magnesium sulfate, manganese (II) sulfate, and nickel (II) chloride,
was investigated at concentrations of 0.5 mM, 1 mM, and 2 mM. Inducers for enzyme production (i.e., vanillin,
xylidine, tannic acid, gallic acid, caffeine, o-toluidine, and copper sulfate) were also evaluated at 1 mM, 5 mM,
and 10 mM. The production of the enzyme was studied in the presence of common salts, lithium chloride,
sodium chloride, and potassium chloride, at concentrations ranging from 1 M to 5 M, with 1 M intervals. The
studies on enzyme production were conducted in a modified M9 medium consisting of 6 g of sodium hydrogen
phosphate dibasic, 3 g of potassium dihydrogen phosphate, 116 g of sodium chloride, 1 g of ammonium chloride,
25 mg of magnesium sulfate, 1 mg of calcium chloride, and 100 mg of glucose per liter.

Experimental design for screening nutritional and conditional factors in laccase production

Following the preliminary study, fractional factorial design was utilized to examine the impact of key variables
on laccase production. This method was selected because it efficiently identified significant factors while
minimizing the number of experimental trials, offering a more practical alternative to other approaches.

Optimization of laccase production

After identifying the variables with significant effects on laccase production, Response Surface Methodology
(RSM) was employed as a statistical tool to optimize laccase production. The optimization was performed using
the Box-Behnken design (BBD) and analyzed with Design-Expert software. Laccase production was considered
a response variable, whereas the concentration of sodium chloride (M), pH, the content of peptone, and the
amount of copper sulfate were four independent variables. The BBD used all the factors at three levels assigned
as —1, 0, and +1 for the lowest, central, and highest values.

Delignification of Garlic Peel waste by laccase from the halophilic bacterial isolate

OFAT study on laccase-mediated delignification of garlic peel

Following the optimization of laccase production by the halophilic bacterial isolate, the enzyme’s ability to
degrade garlic peel biowaste was evaluated. Therefore, garlic cloves (Allium sativum) were purchased from a
local market. The peels were removed, dried at room temperature, ground in a knife mill, sieved to a particle
size of 50 mesh, and stored in a refrigerator for subsequent experiments. Using a conventional one-factor-at-a-
time (OFAT) approach, the effect of a wide range of factors, including temperature (25-55°C, 5°C intervals), pH
(5.0-9.5, 0.5 intervals), laccase concentration (50 U L1-300 U L%, 50 U L! intervals), and enzyme mediator
type and concentration (HBT, HBA, gallic acid, guaiacol, and vanillin; 5-20 mM), on delignification efficiency
and polyphenol reduction was measured?%2!.

Optimizing the bio-delignification process

A user-defined design (UDD) under response surface methodology (RSM) was used to optimize delignification
by systematically varying independent factors over a specific range. Following OFAT experiments, HBA
concentration (1-10 mM, 4.5 mM intervals), enzyme content (50 U L™!1-200 U L7}, 75 U L! intervals), pH
(5-9, 2 intervals), and temperature (30-50 °C, 10 °C intervals) were selected as independent variables for further
optimization. For each experiment, the delignification efficiency (%) was measured as the response variable, and
the control group, lacking the enzyme, was processed simultaneously with the test sample. Before delignification
tests, laccase was partially purified by centrifuging a 4-day-old bacterial culture at 5500g for 20 min and
separating the bacterial cells from the supernatant. Then, the enzyme was precipitated from the supernatant
by adding 80% v/v cold ethanol, incubating at 4 °C, and centrifuging at 12000g. Subsequently, the obtained
precipitate was redissolved in 100 mM BRB buffer (pH 8) containing 1 M sodium chloride and 0.25 mM copper
sulfate. The laccase was dialyzed overnight against the same buffer to remove residual impurities. The DMP assay
was subsequently conducted to confirm the presence and activity of the halophilic laccase.

Assessment of polyphenol reduction percentage in laccase-treated Garlic Peel

Following bio-delignification of garlic peel, the solid residue was separated by filtration and analyzed for
polyphenol content. Polyphenol content was evaluated using the Folin-Ciocalteu method, where phenolic
groups interact with the reagent, resulting in a blue color at 765 nm?!. For accurate measurements, a calibration
curve was generated using gallic acid. The results were expressed as milligrams of gallic acid equivalents per
gram for polyphenols.

Scientific Reports |

(2025) 15:15885 | https://doi.org/10.1038/541598-025-99715-0 nature portfolio


http://www.ncbi.nlm.nih.gov/BLAST
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Evaluation of laccase-mediated delignification efficiency (%) in treated Garlic Peel

The iodometric method was used to measure the lignin content of garlic peels before and after the enzymatic
modification?2. This analytical technique was based on the oxidation of the lignocellulosic material using 7.5
mL of a 0.1 N potassium permanganate solution in a sulfuric acid medium (4 N). The subsequent addition of
1 N potassium iodide (1.5 mL) resulted in the liberation of iodine in direct proportion to the lignin content. The
released iodine was then titrated with a 0.1 N sodium thiosulfate solution, with the endpoint visually indicated
by the appearance of the blue starch-iodine complex?2. Finally, the Kappa number representing lignin content
in a sample was calculated using Egs. (1) & (2). In these calculations, V; shows the volume (mL) of potassium
permanganate consumed, v, refers to the volume (mL) of sodium thiosulfate used for the blank, and V.

represents the volume (mL) of sodium thiosulfate used during the test sample. The concentration of the sodium
thiosulfate solution is indicated by C. In the calculations, m presents the weight of the moisture-free pulp in the
sample. In Eq. 2, the correction factor (d), accounting for a 50% (w/w) pulp consistency, is derived based on the
volume of potassium permanganate consumed, indicated by (V).

Vi(mL) = (Vo — =V3) x C/ 0.02 x5 (1)
Kappa EquationNumber (%) = (Vi x d)/m x 100 ()

Delignification efficiency (%) was subsequently determined using a specific equation (Eq. 3). In this equation, K
denotes the initial Kappa number, reflecting the lignin content before delignification, while K|, the final Kappa
number, indicates the remaining lignin content following the treatment.

Delignification efficiency (%) = [(Ko — —K1)/Ko] x 100 (3)

Compositional analysis of the laccase-delignified Garlic Peel Biowaste

The compositional content of the biowaste, including lignin, hemicellulose, and cellulose, was analyzed
before and after the enzymatic treatment using standardized methods outlined in the Agricultural Chemical
Association guideline?. The biomass was characterized using acid detergent fiber (ADF), neutral detergent fiber
(NDF), and acid detergent lignin (ADL) methods. The ADF method was used to determine the content of lignin
and cellulose. This method involved treating the biomass with a hot solution of 1 N sulfuric acid and 20 g L™!
cetyltrimethylammonium bromide (CTAB), which solubilizes non-fibrous components like hemicellulose and
proteins. The remaining material was then dried at 105 °C, cooled in a desiccator, and weighed. Subsequently,
the ADF fraction underwent further treatment with 72% w/v sulfuric acid to dissolve the cellulose, leaving
predominantly lignin, which was quantified through gravimetric analysis and identified as ADL. The NDF
method used a neutral detergent solution containing 0.5% w/v sodium dodecyl sulfate (SDS), 1 g L™! disodium
ethylenediaminetetraacetic acid (EDTA), and 0.5 g L™! sodium phosphate monobasic (NaH,PO,) at pH 7.0 to
solubilize all components except for cellulose, hemicellulose, and lignin. The remaining material, termed NDE,
represented the total cell wall content of the biomass. This NDF fraction was also dried at 105 °C for at least 3 h,
cooled in a desiccator, and weighed?.

Structural characterization of the laccase-treated Garlic peels

Scanning electron microscopy (SEM; TESCAN, MIRA II, Czech Republic) was employed to observe the
morphological changes in the substrate before and after the enzymatic treatment. Fourier-transform infrared
spectroscopy (FTIR; Equino x 55, Shimadzu, Japan) was conducted to investigate changes in the functional
groups of untreated and treated garlic peels. FTIR spectra were acquired over a wavenumber range of 400 cm™!-
4000 cm™! at a resolution of 0.5 cm™L. X-ray diffraction (XRD; PW1730, Philips, Netherlands) analysis was
conducted to determine the crystallinity of both raw and enzyme-treated garlic peels. The XRD scans were
performed over a 20 range of 15°-75° at a scanning rate of 3° per min using CoKa radiation (A\=1.79 A) at a
current of 20 mA and voltage of 40 kV.

Predicting bio-delignification by-products

Gas chromatography-mass spectrometry (GC-MS) analysis was conducted to identify the products generated
during enzymatic delignification. For this purpose, a Shimadzu gas chromatograph (Agilent Technologies-7890 A)
equipped with a mass detector (MS Agilent 5975) and a Porapak-Q column (12 ft x 2 mm; 60/80 mesh) was
utilized.

Statistical analysis

Experiments were conducted in triplicate, and results are expressed as mean + standard deviation (SD). Statistical
analyses were performed using Sigmaplot version 14.0 (Systat Software, Inc. UK). Significant differences between
two or more factors were determined using Tukey’s post-hoc test following analysis of variance (ANOVA). A
p-value less than 0.05 was considered statistically significant.

Results and discussion

Isolation of identification of a halophilic and laccase-producing bacterium

To screen for halophilic and laccase-producing bacterial isolates, soil samples were collected from four different
provinces of Iran and cultivated on LB agar plates containing the laccase indicator 2,6-DMP. The culture media
were incubated at 37 °C for 6 days until an orange halo appeared around the colonies, indicating substrate
oxidation. During an initial screening of 26 soil samples, 14 bacterial colonies were identified as producing
a colored halo on the plates (Table S1). Among these isolates, strain TA-16 exhibited the largest colored zone
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surrounding its colony after six days of incubation. This isolate was subsequently subjected to further molecular,
biochemical, and morphological analysis. After sequencing the 16 S rRNA gene and performing phylogenetic
analysis, the PCR product (1500 bp) showed 99% homology to Virgibacillus salarius (Fig. S1 and Fig. 1a). The
phylogenetic analysis confirmed that the isolate belongs to the genus Virgibacillus and was identified as V.
salarius MAFO1 (GenBank accession no. PP494041, http://www.ncbi.nlm.nih.gov/).

The isolate exhibited a Gram-positive reaction (Fig. 1c) with a rod-shaped morphology (Fig. 1d and e) under
microscopic examination. It formed pale white-yellow colonies with a ridged perimeter on agar plates after a

Identification of a laccase-producing bacterium

43 Virgibacillus salarius MAF01(PP494041.1)
i‘f Virgibacillus salarius (AB197851.2)
o7 Virgibacillus marismortui 123 (AJ009793.1)
20 —————————————— Virgibacillus olivae E308 (DQ139839.3)
Virgibacillus kapii (LC041942.1)
29 4]5;'2 Virgibacillus proomii LMG 12370 (AJ012667.1)
82 Virgibacillus chiguensis Halo30-9 (EF101168.3)

[ Ornithinbacillus contaminans CCUG 53201T (FN597064.1)
67L—— Oceanobacillus kapialis SSK2-2 (AB366005.1)
Virgibacillus xinjiangensis SL6-1 (DQ664543.1)
Virgibacillus kekensis YIM kkny16 (AY121439.1)
Salinibacter ruber DSM 13855 strain M31 (NR 114597.1)

48

Fig. 1. (a) A phylogenetic tree depicting the evolutionary relationships among Virgibacillus strains derived
from their 16 S rRNA gene sequences. (b) Oxidation of 2,6-DMP by V. salarius. (c) The microscopic image of
the microorganism. Scanning electron micrograph (SEM) of V. salarius at (d) 5 kx and (e) 50 kx magnification.
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3-day incubation at 37 °C (Fig. 1b). The isolate could not ferment trehalose and galactose or reduce nitrate.
However, the bacterium demonstrated catalase and oxidase activities and the capacity to hydrolyze gelatin and
aesculin. Carbohydrate fermentation analysis indicated that the bacterial isolate could metabolize arabinose,
fructose, glucose, lactose, mannitol, and sucrose (Table S2).

Enhancement of laccase production in V. salarius

OFAT analysis of laccase production

Enzyme production significantly increased during the exponential phase, reaching a peak of 102 U L™! in the
presence of 2 M salt on day 3, marking the onset of the stationary phase (Fig. S2). The growth pattern of the
isolated strain correlated well with the enzyme production. After 3 days, laccase production showed a slight
decline. The isolate was cultured in M9 basal medium across a temperature range of 15-45 °C and pH values of
5-11 to evaluate the effects of these parameters. The highest enzyme activity (98 U L™!) was achieved at 35 °C
and pH 7 on 3rd day (Fig. S3). The results indicate that enzyme production remained stable within pH 6-9 at
25-45 °C temperatures. The study on the medium-to-air ratio revealed that maximum enzyme production (98 U
L~!) was obtained at a ratio of 2:10, with a subsequent decline to 50 U L™! as the ratio increased to 5:10 (Fig. S4).
The findings also showed that enzyme production was higher with a 2% inoculum size (102 U L™!) than more
enormous proportions, likely due to reduced metabolic activity and nutrient depletion (Fig. S5). The impact of
carbon sources on growth and enzyme production was investigated, revealing that 1% w/v glucose resulted in
145 U L~! of laccase activity (Fig. S6). Maximum laccase activity (183 U L™!) was observed with 1% w/v peptone
as the nitrogen source, followed by yeast extract, ammonium chloride, sodium nitrate, ammonium oxalate,
and casein, highlighting the significant effect of organic over inorganic sources (Fig. S7). The influence of trace
elements was assessed by adding metal ions (iron(II) sulfate, nickel chloride, zinc chloride, cobalt chloride,
calcium chloride, magnesium sulfate, and manganese sulfate) at concentrations of 0.5 mM, 1 mM, and 2 mM.
The highest laccase activity was recorded in the presence of iron(II) sulfate, magnesium sulfate, and zinc chloride,
achieving 124 U L1, 122 U L7}, and 112 U L~} respectively, while nickel chloride showed a moderate positive
effect. Conversely, cobalt chloride and manganese sulfate exhibited inhibitory effects on enzyme production
(Fig. S8). This study demonstrated that the highest enzyme production (144 U L™') was achieved with 5 mM
CuSO,, followed by vanillin, gallic acid, tannic acid, and caffeine, due to enhanced transcription of the relevant
gene. However, xylidine and o-toluidine had an inhibitory effect on enzyme production (Fig. S9). The impact of
different salt types on enzyme production was also evaluated by supplementing the culture medium with sodium
chloride, lithium chloride, and potassium chloride at concentrations of 1 M-5 M. Maximum laccase activity
(97 U L) was achieved with 2 M sodium chloride, while lithium chloride and potassium chloride inhibited
production, reducing it to 52 U L 'and 62 UL}, respectively (Fig. S10). Overall, the OFAT studies indicated
that optimal laccase production is achieved under conditions of pH 7, 2% inoculum size, a medium-to-air ratio
of 2:10, at 35 °C, with glucose, peptone, iron(II) sulfate, copper sulfate, and sodium chloride, which were selected
for further optimization.

Experimental screening of factors for laccase production

Table 1 shows the factors selected for a fractional factorial design to assess their influence on laccase production(U
L~!). Table 2 also shows the experimental design matrix generated using Design-Expert software (version 10.0.0,
Stat-Ease, Inc., Minneapolis, USA). The experimental design evaluated 9 factors at two levels, low (-1) and high
(+1), in 20 experiments. Three additional experiments were conducted at the center point to assess the curvature
of the response. All experiments were independently performed three times, and the results were presented as
the average values.

Analysis of variance for screening variables (ANOVA) was displayed in Table 3. Pareto chart revealed that
four variables (i.e., pH level, sodium chloride concentration, peptone amount, and copper sulfate concentration,
significantly affected laccase production (Fig. S11). Consistent with previous studies, pH was a crucial factor
influencing laccase production. This effect could be explained by two distinct factors: pH-mediated changes
in medium properties, such as nutrient transportation and solubility, and pH-dependent alterations in
enzyme ionizable groups, affecting the laccase stability*!. Cu?* also proved to be an effective inducer of laccase

Coded variable level
Independent variable | Unit | Symbol | Low (*!) | Medium (0) | High (+1)
Sodium chloride M X, 1 2 3
pH X, 6 7 8
Temperature °C X, 25 35 45
Inoculum size % X, 1 2 3
Medium-to-air ratio X, 1:10 2:10 3:10
Glucose % X, 0.5 1 1.5
Peptone % X, 0.5 1 1.5
Ferrous sulfate mM | X, 0.5 1 1.5
Copper sulfate mM | X, 3 5 7

Table 1. Independent variables with their respective levels for a fractional factorial design of laccase
production (U L™!) from V. salarius.
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Variable Laccase
Inoculum size | Medium-to-air Ferrous Copper production
Run No. | NaCl (M) | pH | Temperature (°C) | (%) ratio Glucose (%) | Peptone (%) | sulfate (mM) | sulfate (mM) | (UL™!)
1 3 8 25 1 3:10 0.5 0.5 0.5 3 164.5
2 1 8 25 1 1:10 0.5 1.5 1.5 3 164.5
3 3 6 45 1 3:10 1.5 0.5 15 3 160.1
4 1 8 45 1 3:10 1.5 1.5 0.5 7 158.3
5 3 6 25 3 1:10 0.5 0.5 1.5 3 160.2
6 1 6 45 3 3:10 0.5 0.5 0.5 3 155.1
7 1 8 45 1 1:10 0.5 0.5 15 7 154.7
8 3 6 45 3 3:10 0.5 0.5 0.5 7 154.2
9 3 8 25 1 1:10 1.5 1.5 15 7 163.9
10 1 8 25 3 3:10 0.5 0.5 15 3 160.2
11 1 6 45 3 1:10 1.5 1.5 1.5 7 154.5
12 2 7 35 2 2:10 1 1 1 5 159.7
13 3 6 45 1 1:10 1.5 1.5 0.5 7 158.1
14 1 6 25 1 1:10 0.5 0.5 0.5 7 149.3
15 1 6 45 1 1:10 1.5 1.5 0.5 3 159.8
16 1 8 25 3 1:10 1.5 1.5 0.5 7 158.6
17 3 8 45 3 1:10 0.5 0.5 0.5 3 165.4
18 2 7 35 2 2:10 1 1 1 5 160.1
19 2 7 35 2 2:10 1 1 1 5 159.4
20 1 6 25 1 3:10 1.5 1.5 1.5 7 153.6
21 3 8 25 3 3:10 0.5 0.5 1.5 7 158.6
22 3 8 45 3 3:10 1.5 1.5 1.5 3 169.7
23 3 6 25 3 3:10 1.5 1.5 0.5 3 164.7

Table 2. The fractional factorial design matrix for laccase production (U L™! by V. salarius. The Design-
Expert software was used to design the test runs. Results are presented as mean values from three independent
experiments (n=3).

Source Sum of squares | Df | Mean square | F-Value | p-Value
Model 468.7 9 52.1 476.21 | <0.0001
Sodium chloride (M) | 98.4 1 98.4 899.26 | <0.0001
pH 107.8 1 |107.8 985.74 | <0.0001
Temperature (°C) 0.06 1 0.06 0.59 0.4575
Inoculum size (%) 0.18 1 0.18 1.65 0.2238
Medium-to-air ratio 0.40 1 0.40 3.70 0.0783
Glucose (%) 0.06 1 0.06 0.59 0.4575
Peptone (%) 84.2 1 84.2 769.65 | <0.0001
Copper sulfate (mM) | 167.4 1 |167.4 1531.02 | <0.0001
Ferrous sulfate (mM) 0.05 1 0.05 0.47 0.5052
Curvature 0.08 1 0.08 0.76 0.4009
Pure Error 0.67 2 0.33

Cor Total 470.2 22

Table 3. ANOVA for the fractional factorial design model assessing laccase production (U L™ by V. Salarius.

production in bacteria, an effect likely attributed to its ability to upregulate the transcription level of the laccase
gene. Nitrogen sources significantly influence bacterial physiology and metabolism, thereby affecting enzyme
production. However, effective nutritional sources vary across microbial species. Numerous studies have
examined the impact of single or mixed cations on laccase production in basal or defined media. For instance,
yeast extract supplemented with CuSO, significantly increased laccase production in Pleurotus ostreatus®.
However, the inductive effect of Cu®* on the enzyme activity was time and dose-dependent. Arockiasamy et
al. employed the Plackett-Burman design to screen critical parameters affecting laccase production by a Coriolus
versicolor strain?®. Their findings indicated that MgSO,7 H,O noticeably enhanced enzymatic activity relative to
CuSO,-5 H,0. Conversely, Mn*" was the most potent laccase inducer for Trametes orientalis compared to other

Scientific Reports |

(2025) 15:15885 | https://doi.org/10.1038/s41598-025-99715-0 nature portfolio



http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Coded variable level
Independent variable | Unit | Symbol | Low (—1) | Medium (0) | High (+1)
Sodium chloride M X, 1 2 3
pH X, 6 7 8
Peptone % X, 0.5 1 1.5
Copper sulfate mM | X, 3 5 7

Table 4. Levels of independent variables used in Box-Behnken design (BBD) for optimizing laccase
production (U L™1) from Virgibacillus salarius.

Variable
Run No. | Sodium chloride (M) | pH | Peptone (%) | Copper sulfate (mM) | Laccase production (U L™!)
1 2 8 1 7 167.4
2 2 6 0.5 5 60.8
3 1 7 1.5 5 116.1
4 2 7 0.5 3 214.7
5 3 7 1 3 2229
6 3 6 1 5 106.8
7 1 7 0.5 5 94.9
8 2 7 1 5 192.5
9 3 8 1 5 206.7
10 2 7 1 5 193.3
11 3 7 0.5 5 109.8
12 2 8 0.5 5 227.1
13 1 7 1 3 175.3
14 1 6 1 5 155.2
15 2 7 1.5 7 125.3
16 2 7 1 5 192.7
17 2 6 1.5 5 152.5
18 2 8 1.5 5 2734
19 1 7 1 7 92.4
20 2 6 1 3 181.9
21 1 8 1 5 187.2
22 2 6 1 7 87.5
23 2 7 1.5 3 298.6
24 2 7 0.5 7 153.2
25 2 7 1 5 192.1
26 3 7 1.5 5 226.4
27 3 7 1 7 79.3
28 2 7 1 5 192.3
29 2 8 1 3 282.4

Table 5. The Box-Behnken design (BBD) experimental runs involve three independent variables for
optimizing laccase production (U L™! from V. salarius.

cations such as Cu?*, Fe?*, and Mg?*%’. The combination of Cu?* and Mn?* enhanced Pleurotus ostreatus laccase
production, while Cu?* alone improved Flammulina velutipes yield?.

Optimization of laccase production by V. salarius

After the OFAT studies (Figs. S2-S10) and screening analysis (Fig. S11, Tables 1, 2 and 3), four variables, including
concentration of sodium chloride (X, ), pH (X,), content of peptone (X,), and amount of copper sulfate (X,) were
found to have significant effect on laccase production by V. salarius (Table 4). Therefore, the D-optimal RSM
was employed to optimize the culture conditions to maximize laccase production by the isolated bacterium.
The results obtained from performing 29 runs are summarized in Table 5. ANOVA for the quadratic model is
shown in Table 6. The p-value of less than 0.05 (p <0.05) indicates the significance of the model. Additionally, the
lack of fit was insignificant (p>0.05) in the response, suggesting that the model was adequate. All independent

; i  Ons: 2y 2 2
variables (X, X,, X,, and X,) and their interactions; X, x,, X,x,, X, x4, X, X4, X, X%, X, %g, X,%, X,% and X,
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Source Mean squares | Df | F-Value | p-Value
Model 2.2x10° 14 | 1747.4 <0.0001
NaCl (M) 12404.1 1 |1343.0 |<0.0001
pH 62075.6 1 16721.0 |<0.0001
Peptone (%) 15589.5 1 |1687.9 |<0.0001
CuSO, (mM) 79028.7 1 |8556.6 |<0.0001
pH x NaCl 1866.2 1 202.0 | <0.0001
PpH x Peptone 508.9 1 55.1 |508.9
pH x CuSO, 4080.7 1 441.8 <0.0001
NaCl x Peptone | 2246.8 1 | 2433 |<0.0001
NaCl x CuSO, 6290.9 1 681.1 <0.0001
Peptone x CuSO, | 11193.6 1 | 1211.9 |<0.0001
(pH)? 1284.2 1 139.0 | <0.0001
(NaCl)? 19244.7 1 [2083.6 |<0.0001
(Peptone)? 0.04 1 0.004 0.9472
(CuSO4)2 5546.1 1 600.5 <0.0001
Residual 129.3 14

Lack of Fit 129.3 10 0.1742
Pure Error 0.0 4

Cor Total 2.3x10° 28

Table 6. Analysis of variance (ANOVA) for a quadratic model of Box-Behnken design (BBD) for optimizing
laccase production (U L-! from V. salarius.

exhibited a significant effect on laccase production (p-value <0.05). The quadratic model was the most suitable
for describing the statistical relationship between the selected variables and the response, summarized as follows:

Laccase production (ULfl) = 192.35 + 32.2X; + 71.9 X5 + 36.0X7 — 81.2X9 —
21.6X1 X + 23.7X1X7 — 39.7X1 X9 — 11.3X2X7 — 32.0X2X9 — (4)

52.9X7Xo — 54.5X12 — 14.0X2° + 29.3Xo>

This model’s coefficient of determination (R? and adjusted R? were 0.994 and 0.996, respectively. The three-
dimensional (3D) response surfaces illustrating the impact of the independent variables on laccase production
are shown in Fig. 2. In each plot, the interaction of two variables was assessed simultaneously while the others
were kept at their middle-level value. Surface plots indicate that elevated pH levels and increased peptone
content improved enzyme production. At the same time, changes in copper sulfate concentration from 3 to
7 mM had only a minor impact on the response. By analyzing Eqgs. 4 and 3D response surface graphs, the
maximum laccase production (396 U L™!) was achieved under the following conditions: 2 M sodium chloride,
1.3% peptone, 3.2 mM copper sulfate, and pH 7. Five verification experiments were performed under statistically
optimized conditions to validate the model’s accuracy. The results demonstrated a maximum laccase production
0f 392 U L7, closely matched (99%) with the predicted value. It indicated a high level of agreement between the
experimental and expected outcomes, confirming the accuracy and reliability of the model.

In contrast to Bacillus ligniniphilus and Halomonas sp., which exhibited tolerance to 1 M NaCl, V. salarius
maintained robust laccase production under higher salinity*>*. Additionally, while Alkalibacillus salilacus
demonstrated optimal laccase activity at pH 8 and up to 1 M sodium chloride, V. salarius performed well at
neutral pH and higher sodium chloride concentrations (2 M), indicating greater adaptability to a broader range
of environmental conditions’!. The obtained results highlight the potential of V. salarius for use in high-salt
environments, particularly in biotechnological applications such as bioremediation and organic compound
degradation.

Bio-delignification of garlic peel biowaste

The full-factorial design approach to bio-delignification

Some experiments were carried out using the OFAT method to establish a baseline for the RSM design,
focusing on the critical factors (temperature, pH, laccase content, type, and concentration of mediator)
affecting delignification efficiency and polyphenols reduction. The initial phase involved conducting full-
factorial experiments across a range of temperatures, with 40 °C identified as the most effective baseline for
subsequent RSM analysis due to its superior performance in delignification efficiency (32%) and polyphenolic
reduction (25%). These experiments were conducted under various pH levels, from acidic to alkaline, with a
neutral condition (pH 7), yielding the highest delignification efficiency (34%). Moreover, the enzyme content
was progressively increased from 5 U L™! to 200 U L™, resulting in a significant enhancement in delignification
efficiency, which rose from 18 to 70% and decreased the polyphenolic content by approximately 78%. Beyond
a laccase content of 200 U L™, delignification efficiency and the reduction of polyphenols reached a plateau,
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Fig. 2. Response surface analysis of laccase production (U L™!) by V. salarius as influenced by sodium chloride
concentration (1-3 M), pH level (6-8), peptone content (0.5-1.5%), and amount of copper sulfate (3-7 mM).
The graph visualizes the interactive effects of these variables on enzyme production (U L™!).
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indicating a saturation point in the enzymatic reaction under the specified conditions (Fig. S12). The study
also evaluated the effects of inducers on the bio-delignification efficiency and polyphenol reduction in garlic
peels at pH 7 and 40 °C. Based on the findings, the highest delignification efficiency (90.0%) was achieved at
a concentration of 20 mM HBA. Following this, HBT demonstrated significant delignification ability, with a
maximum efficiency of 70.3%. Vanillin, gallic acid, and guaiacol showed moderate delignification effects, with
efficiencies ranging from 33.7 to 55.2%. Although all inducers moderately increased polyphenol reduction
(%), HBA and HBT generally produced slightly higher levels than the others. HBA was particularly effective in
lowering polyphenols, reducing 82.8% (Table S3). One of the primary objectives in enhancing laccase catalytic
activity is the selection of a suitable mediator to elevate its redox potential. Previous studies have also shown
that HBA is a highly effective laccase mediator for degrading lignin phenolic and non-phenolic aromatic
structures. This natural molecule efficiently mediates the oxidation of environmentally significant polycyclic
aromatic hydrocarbons like benzo[a]pyrene and perylene. Its oxidation pattern is comparable to that of HBT
as a synthetic mediator. These findings underscore HBA’s potential as a natural and environmentally friendly
alternative to synthetic mediators in lignin biodegradation and environmental remediation®.

Optimization, model development, and validation for delignification

After identifying the most critical factors affecting bio-delignification, an experimental design approach was
used to minimize experiments and eliminate trial-and-error. The UDD under RSM was utilized to predict the
optimal conditions for the delignification process. The selected variables and their corresponding ranges are
specified in Table 7.

Additionally, ANOVA was applied to study the impact of independent variables on the resulting response
(Tables 8 and 9). Based on the funding, a quadratic second-order polynomial equation could appropriately fit the
data. The insignificance of the lack of fit compared to pure error indicated that the model adequately conformed to
the experimental design, demonstrating sufficient accuracy. Moreover, the similarity between the R? (0.998) and
adjusted R? (0.997) values confirmed the adequacy of the model in predicting the bio-delignification efficiency
(%) during the optimization process. The plot of residual values versus predicted ones shows no discernible
trends, indicating homogeneous variance in the data and no outliers in the experimental runs (Fig. S13). A
strong correlation between the predicted and observed lignin removal values also indicated that the RSM model
accurately predicted the delignification efficiency of garlic peel using laccase from V. salarius (Fig. 3). A low
coefficient of variation further supported the model’s precision and reliability. Based on the multiple regression
analysis, the linear and interaction coefficients of all variables and the squared coefficient of pH were statistically
significant (p <0.05) in predicting delignification efficiency (%). The resulting equation was as follows:

Deligni fication ef ficiency (%) = 8.04 + 0.9 A + 145 B — 0.96 C — 0.82 D — 0.22 AB — 0.19 AC
+ 0.29 AD + 0.13 BC + 0.22 BD — 0.18 CD + 0.32 A* — 0.4 B> — 2.1 C* — 0.34 D?

3D response surface plots were generated using Design-Expert software to investigate the interaction between
two variables. As shown in Fig. 3, the response surface exhibits a curvature along the pH axis, suggesting a
significant interaction with the concentration of HBA, temperature, and laccase content. This curvature can
be attributed to the statistical significance of the quadratic pH term in the model. Additionally, increasing
laccase content and HBA concentration as the reaction temperature was elevated from 30 to 50 °C enhanced the
delignification efficiency. The model was validated using the optimal conditions recommended by the software.
The results confirmed that the maximum lignin removal of 99.3% was achieved with 9.4 mM HBA and 198.5
U L™ ! of the enzyme at a pH of 7.1 and a temperature of 31.1 °C. The validation tests were performed five times
following the predicted experiments, yielding a delignification efficiency of 95.4%, nearly matching the expected
value. The results from this study were noteworthy when compared to previous studies on lignin delignification
using various laccases. For instance, studies on laccase activity from the halophilic bacterium Aquisalibacillus
elongatus demonstrated significantly lower delignification efficiency with rates of 32.1% and 39.3% at laccase
concentrations of 10 and 25 U mL~}, respectively®>. Furthermore, a bacterial laccase from Bacillus tequilensis
achieved 28% delignification without a mediator and 47% delignification in the presence of HBT*. Similarly, the
high redox potential laccase from Pycnoporus cinnabarinus resulted in a slight increase in lignin content when
used on wheat straw®!. Another study on A. elongatus reported a 45% reduction in the lignin content of peanut
shells after 24 h of treatment®*. This suggests that the efficiency of A. elongatus laccase was relatively modest
compared to V. salarius. Table 10 compares recent research on laccase-mediated delignification of diverse
biomass substrates with the delignification of garlic peel obtained in this study under specific conditions. It is

Coded variable level
Independent variable | Unit | Symbol | Low (-1) | Medium (0) | High (+1)
Concentration of HBA® | mM | A 1 5.5 10
Laccase content UL!|B 50 125 200
pH - [ 5 7 9
Temperature °C D 30 40 50

Table 7. Levels of independent variables utilized in definitive screening design for optimizing the
delignification efficiency (%) of Garlic peels (30 mg mL™!) using laccase from V. salarius. * 4-Hydroxybenzoic
acid.
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Variable
Run No. | Concentration of HBA® (mM) | Laccase content (UL™!) | pH | Temperature (°C) | Delignification efficiency (%)
1 10 200 5 50 62.2
2 5.5 125 7 30 66.9
3 55 125 7 50 53.4
4 55 200 7 40 76.1
5 5.5 50 7 40 443
6 10 50 9 50 11.1
7 1 200 5 50 48.4
8 10 50 5 30 44.1
9 5.5 125 9 40 26.9
10 1 50 5 30 30.2
11 1 200 9 30 42.7
12 1 50 9 30 10.9
13 55 125 7 40 60.2
14 55 125 5 40 46.2
15 1 50 9 50 0
16 10 50 9 30 24.7
17 10 200 9 30 56.5
18 10 200 5 30 75.8
19 10 200 9 50 429
20 1 200 5 30 61.9
21 1 125 7 40 53.3
22 10 125 7 40 80.5
23 1 200 9 50 16.6
24 1 50 5 50 8.4
25 10 50 5 50 29.7

Table 8. The design matrix and responses obtained using the definitive screening design to optimize the
delignification efficiency (%) of Garlic peels (30 mg mL™!) with laccase from Virgibacillus salarius.

Source Mean squares | Df | F-Value | p-Value
Model 113.89 14 | 58.93 <0.0001
Concentration of HBA 14.44 1 104.59 <0.0001
Content of laccase 37.67 1 |272.87 |<0.0001
pH 16.48 1 119.40 <0.0001
Temperature 12.09 1 |[87.58 <0.0001
[HBA] x [Laccase] 0.75 1 |5.46 0.0416
[HBA] x pH 0.57 1 4.10 0.0705
[HBA] x Temperature 1.36 1 986 0.0105
[Laccase] x pH 0.28 1 2.06 0.1817
[Laccase] x Temperature | 0.79 1 5.71 0.0379
PpH x Temperature 0.51 1 |[3.70 0.0834
[HBA]? 0.26 1 | 186 0.2022
[Laccase]? 0.41 1 ]296 0.1163
pH? 11.21 1 81.23 <0.0001
Temperature? 0.30 1 |218 0.1706
Residual 1.38 10

Cor Total 115.27 24

Lack of Fit 126.7 10 0.098

Table 9. Analysis of variance (ANOVA) for definitive screening design to optimize bio-delignification
efficiency (%) of Garlic peels by laccase from Virgibacillus salarius.

Scientific Reports|  (2025) 15:15885 | https://doi.org/10.1038/s41598-025-99715-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

ion of bio-delignification

imizat

Opt

N
OO
OO
AN
RN
,%me%,, N
NS
RSO
QRO
....,,:....,...,.,....,,.,..:,,/,, N

0.5

N
R N
AR SN
... RN %&‘
\\ A
X :.%m R
AN

OO
QRN
& XS MRS
SRRE ;& TR
X R
ORI
NN
SN
%
0

X
3
8L
N
KR
KL

&
1l

=

s 8 8 & = = \ g
g =
o) (,-1 n) uononpoid asesoe] )

w
9
%
’

SN
= '

RN
R

SIS
SRR

SS3S
S8 SRS

o5

SIS

SSSIIRS
OSSO,
SN

SRR
S, S0
“"“
S
%
S35

S,
S
e
3555

S
SRR

SIS

S8

3

%%

5
S
S

oSS
05

55

=
0SS
SIS
s
S5
S =
ot
2%
>
S '

SN
SSSSISSS
s s
< >
SIS
SIS
o’.:.:
5SS,
<
S

s
SO
SIS
ST
SIS
SIS
S

2
=3
S

(§
¢

S5
S5
S
S
=
OSS

o < 8
g § & = =
= (-1 N) uononpoid aseooe] <

(1 ) uononpoid oseode]

e)

(-1 ) uononpoid aseode]

TR
RO
R
R

A
AN
Y
LN

Y
IR
.

=
c 8

(-1 ) uononpoid oseode]

=]
=]
‘Z
=
~ %
2
EE
(=]
g =
=
o
< <
o A
= 9an)
S
=
S &
w9
Sl =}
< R
=
Vle
Cb
nV/
P
L o
25
SRS
o
—
© w
;mO
2
g
=8
g o
ge
£
N g
£g
a g
o s
-
&3
o
=
-
& S
ef
Ch.|/
&7
WL
eU
W
(=]
g
24
[}
~ L
: 3
% 3
on
ol

55 °C and pH 6.5-9.5.

25—

nature portfolio

| https://doi.org/10.1038/s41598-025-99715-0

(2025) 15:15885

Scientific Reports |


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Maximum
Type of laccase Biomass Delignification conditions delignification | References
Virgibacillus salarius Garlic peel 9.4 mM HBA, 198.5 U L! laccase, pH 7.1, and 31.1 °C 95.4% gz(riryent
Pleurotus pulmonarius Tender coconut fiber pH 5.6,27 °C, 21 day treatment 38
1 i 0, Q -1
Xylaria sp. Sugarcane bagasse Syringaldazine (10.0% mass/the enzyme), 0.45 U.mg 51.1% 39
laccase, 2 day treatment
Trametes hirsuta Rice straw 39% 4
o EP o o
Immoblllzed laccase from Trametes Spartina alterniflora Loisel 21.9 mg mL immobilized laccase, 22% (w/v) straw;48 92.5% 4l
villosa C, 70 min
Cerrena Unicolor GC.u01 Rice straw 34.3% 2
Commercial laccase from sigma Kenaf (Hibiscus Cannabinus L.) 10% HBT, 2.5% NaOH, 50 U g! laccase 75.2% 3
Hexagonia hirta MSF2 Cotton spinning mill waste 145.2 U g! laccase, 20 h, 45 °C 63% a“
Pleurotus ostreatus gﬁglua straw (Carludovica palmata) | | o \r ABTS, 45 °C,pH 4.5,120 h 95% 3
Trametes hirsuta EDN 082 Oil palm empty fruit bunch fiber 0.5 U mL" laccase, 40 °C, 24 h 4
Halomonas elongata Pumpkin seed shells 9.7 mM HBT,183.4 U L™ laccase, 54.5 °C 95.1% 16

Table 10. Comparison of laccase-mediated delignification efficiencies from recent studies on diverse biomass
substrates with the performance observed for Garlic Peel in this study under specified conditions.

important to note that the extent of lignin removal by laccase depends on the biochemical composition of the
biomass and the redox potential of the biocatalyst®. For example, peanut shells contain approximately 30-40%
lignin, while garlic peels typically contain 15-20% lignin®**’. The lower lignin content in garlic peel waste than
in peanut shell bio-waste suggests that garlic peels may be more amenable to enzymatic delignification. In this
regard, laccase can play a significant role as a leading biocatalyst and a potent substitute for chemical-based
deconstruction of lignocellulosic materials. Extremophiles and extremozymes are indeed very promising for
the efficient degradation and utilization of lignin. Their unique properties make them particularly effective in
breaking down recalcitrant lignin structures, such as garlic peel waste®.

Surface characterization of laccase-associated Garlic peels

The SEM analysis revealed significant changes in the surface morphology of laccase-treated garlic peels, showing
a rough, porous, and distorted structure. The enzymatic treatment also led to visible holes and cracks in the
biomass, as illustrated in the SEM images. This starkly contrasted with the intact, smooth surface observed in
the untreated control group (Fig. 4a and b).

FTIR spectroscopy was also employed qualitatively to characterize the effects of the enzymatic treatments
on garlic peel biowaste (Fig. 4c). After treatment, the intensity at 1612-1634 cm™!, 1420-1425 cm™}(CH,
deformation), 1504 cm™ (aromatic stretch), and 1053-1056 cm™! (mainly polysaccharides) decreased, which
may indicate a reduction in cellulose crystallinity. A reduction in the intensity at 620 cm™! could also confirm
a decrease in the cellulose crystallinity of the biowaste after treatment. FTIR analysis of the laccase-treated
garlic peels revealed a significant reduction in peak intensities at 3417-3427 cm™! (OH vibration), 2919 cm™
(C-H methyl and methylene groups), 1670-1731 cm™! (C=C stretching), 1515 cm™! (C=C aromatic), 1249~
1256 cm™ (O-H phenolic)*”*8. These findings suggest that the enzymatic treatment effectively disrupted the
lignin structure, potentially facilitating subsequent deconstruction processes. Additionally, the XRD pattern
revealed a substantial increase in the diffractive signal intensity of cellulose I at 26=15.5° and 22 and cellulose
IT at 20=20.3° due to the breakdown of linkages within the lignocellulose matrix, which exposed more
accessible regions of cellulose (Fig. 4d). These findings demonstrate the efficacy of the treatment in enhancing
the accessibility of cellulose in the biowaste. This enhances cellulose accessibility to enzymes, creating a more
favorable environment for enzymatic hydrolysis. Thus, laccase treatment could significantly improve the biofuel
potential of garlic peels**°.

Composition profiling of the laccase-delignified garlic peel biowaste

Garlic peels initially contained about 47.1% cellulose, 30.4% hemicellulose, and 22.4% lignin, with an estimated
kappa number 36.8. During delignification, the weight decreased from 5 g to 3.7 g. Following enzymatic
treatment, the biowaste composition changed to 49.1% cellulose, 31.4% hemicellulose, and 1.1% lignin, all
measured on a dry weight basis (Table S4). Based on the results, the enzymatic reaction significantly altered
the lignin content, while no significant changes were observed in the hemicellulose and cellulose percentage
compared to the untreated samples. Lignin is difficult to break down with enzymes or chemicals, which is the
main challenge in making cellulose and hemicellulose more susceptible to hydrolysis in industrial processes. The
results were comparable to those from the pretreatment of feedstock with a commercial laccase, which removed
up to 50% of lignin and significantly increased glucose and xylose content after the subsequent hydrolysis®'.
While bacterial laccases typically have low redox potential, they show high ligninolytic activity during biomass
degradation. Conversely, fungal pretreatment often results in significant losses of cellulose and hemicellulose,
as these components are used as carbon sources to support fungal growth and metabolism. Bacterial laccases,
however, can effectively degrade lignin with minimal loss of these valuable components, making it more efficient
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Structural characterization of the laccase-treated garlic peels

c) d)

(I) Untreated garlic peels

(I) Untreated garlic peels

1053

3417

(IT) Treated garlic peels

(IT) Treated garlic peels

3427
1612
1420
1056
621

T
4000 3600 3200 2800 2400 2000 1600 1200 800 400 10 20 30 40 50 60

‘Wavenumber (cm-l)

Fig. 4. SEM imaging (500x magnification) of garlic peel (a) before and (b) after treatment with laccase

(198.5 U L) from V. salarius and with 9.4 mM HBA at a pH of 7.1 and a temperature of 31.1 °C. (b) FTIR
spectroscopy analysis and (c) XRD analysis of garlic peel before and after treatment with laccase (198.5 U L™1)
from V. salarius. The XRD plot shows X-ray intensity on the y-axis versus the diffraction angle (20) on the
X-axis.

in processes where preserving cellulose and hemicellulose is essential, such as in industrial applications aimed at
maximizing the yield of fermentable sugars®>>>.

GC-MS analysis of residual compounds in laccase-delignified garlic peel biowaste

Laccase-treated garlic peels were analyzed using GC-MS to understand better the chemical modifications
in the lignin structure (Fig. S14). The identities and relative abundances of the lignin-derived compounds
released are listed in Table 11. These compounds were subsequently grouped into four categories according
to their aromatic structure: phenol-type compounds (phenol, 3-hydroxybenzoic acid), guaiacyl-type
compounds (2-methoxyphenol, 4-ethyl-2-methoxyphenol), syringol-type compounds (2-methoxybenzene-
1,4-diol), and catechol-type compounds (3,4-dihydroxybenzoic acid, hydroxybenzaldehyde). It is possible to
appreciate that the syringyl-derived compounds were more abundant than the guaiacyl type. Among these
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Compound Chemical name Chemical structure R;
(min)
I Ethyl acetate i 2.0
)ko/\

II Phenol ©/°" 3.1

I 2-(3-Hydroxyphenyl)acetic /@\)L 3.5

acid
v 3-Methyl-2-butanol 3.7
\% 3-Hydroxybenzoic acid i 8.0

OH

VI 2-Methoxyphenol C{"" 8.8
(Guaiacol) o

VII Hydroxybenzaldehyde o 11.6
@/"

VIII 2-Methoxybenzene-1,4- /@i"“ 15.4
diol HO o/

IX 3,4-Dihydroxybenzoic acid “":@\/ 20.2
\0

X 4-Ethyl-2-methoxyphenol HO]@\/ 24.3
(Homovanillin) o

XI Octyl butyrate /\)"J\ 323
NN
O

Table 11. Name, chemical structure, retention time (Rt), peak area (%), and quantification ions (m/z) of
compounds identified through gas chromatography-mass spectrometry (GC-MS) analysis following laccase-
mediated delignification of garlic peels, conducted with 9.4 mM 4-hydroxybenzoic acid (HBA) at 31.1 °C and
pH7.1.
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compounds, 3-hydroxybenzoic acid has applications in the food industry as a preservative and flavor enhancer.
2-Methoxyphenol (Guaiacol) and Ethyl-2-methoxyphenol (Homovanillin) also have flavoring properties.
Previous research has also demonstrated the lignin-degrading potential of several extremophilic bacteria, such
as Thermobifida fusca®, Clostridium thermocellum®, Caldicellulosiruptor kronotskyensis>*, and Arthrobacter sp.
C2 . A common delignification mechanism of extremophilic laccases involves the cleavage of Ca—Cp and
aryl—Ca bonds, coupled with the oxidation of Ca—OH to Ca = O. Demethylation and increased carbonyl group
formation, indicative of Ca-oxidation, are frequently observed during laccase-mediated lignin modification.
However, the product distribution resulting from laccase-catalyzed reactions of lignin is notably sensitive to
reaction conditions. Specifically, pH and enzyme dosage, which are influenced by thermodynamic and kinetic
factors, play a key role in determining the final product distribution®.

Conclusion

This study highlights the potential of V. salarius, a halophilic, laccase-producing bacterium, for effectively
delignification of garlic peel biomass. Optimizing enzyme production resulted in efficient lignin removal,
significantly reducing its content and substantially altering the biomass’s structural composition. Microscopic
and analytical techniques confirmed these changes, revealing visible holes and cracks within the biomass.
This environmentally friendly method offers a promising alternative to traditional chemical and mechanical
processes, suggesting that V. salarius could be a valuable asset in sustainable biomass conversion for industrial
applications such as biofuel production and the synthesis of high-value chemicals. The findings highlight the
potential of extremophiles in advancing biorefinery processes, paving the way for further exploration of their
biotechnological applications.

Data availability
All data generated or analysed during this study are included in this published article and its Supplementary
Information files.
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