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Crude protease of Bacillus smithii AP67 isolated from the EI Chichén volcano crater lake
as a potential eco-friendly alternative for enzymatic dehairing in the leather industry

Proteasa cruda de Bacillus smithii AP67 aislada del lago crater del volcan El Chichén
como alternativa ecoldgica potencial para el depilado enzimatico en la industria del cuero
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Abstract

Microbial proteases from thermophilic organisms are of great biotechnological interest due to their stability and activity under
extreme conditions. Among their applications, enzymatic skin depilation is becoming a more environmentally friendly and
specific alternative compared to conventional chemical methods. In this study, thermophilic bacteria were isolated from the
geothermal water of the crater lake of the El Chichdn volcano. Of the 50 strains isolated, 92% showed extracellular protease
activity. The strain with the highest protease production showed high phylogenetic similarity to Bacillus smithii, reaching an
activity of 102.75 + 6.39 U/mL. The enzyme showed optimal conditions at pH 8.0 and 60°C. The presence of Ca?* increased its
activity and remained stable with Mg2* and Mn2*, while Co?*, Fe2*, and Cu®* partially inhibited it. It also remained stable in
ethanol and methanol but decreased in hexane, acetone, and chloroform. The activity remained stable in the presence of nonionic
surfactants, although it was reduced with SDS. The application of the protease to goat skin allowed complete hair removal after
8 h at 60 °C without damaging the dermis, demonstrating its potential as an ecological biocatalyst in sustainable leather tanning.
Keywords: Thermophile, Protease, Bacillus smithii, Volcanic Crater Lake, Enzymatic Dehairing.

Resumen

Las proteasas microbianas de organismos termdfilos son de gran interés biotecnoldgico debido a su estabilidad y actividad
en condiciones extremas. Entre sus aplicaciones, la depilacién enzimadtica de la piel se estd convirtiendo en una alternativa mas
ecoldgica y especifica en comparacion con los métodos quimicos convencionales. En este estudio, se aislaron bacterias terméfilas
del agua geotérmica del lago del criter del volcan El Chichdén. De las 50 cepas aisladas, el 92 % mostré actividad proteasa
extracelular. La cepa con mayor produccidén de proteasas mostrd una alta similitud filogenética con Bacillus smithii, alcanzando
una actividad de 102.75 + 6.39 U/mL. La enzima mostré condiciones 6ptimas a pH 8.0 y 60 °C. La presencia de Ca%* aument6
su actividad y se mantuvo estable con Mg?* y Mn?*, mientras que Co?*, Fe?* y Cu?* la inhibieron parcialmente. También
se mantuvo estable en etanol y metanol, pero disminuy6 en hexano, acetona y cloroformo. La actividad se mantuvo estable
en presencia de tensioactivos no iénicos, aunque se redujo con SDS. La aplicacién de la proteasa a la piel de cabra permitié
la eliminacién completa del vello después de 8 h a 60 °C sin dafiar la dermis, demostrando su potencial como biocatalizador
ecoldgico en el curtido sostenible del cuero.

Palabras clave: Termofilo, Proteasa, Bacillus smithii, Lago del criter volcanico, Depilacién enzimadtica.
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1 Introduction

The leather tanning industry has historically relied
on the intensive use of chemicals that utilize lime
and sodium sulfide to remove hair and soften
hides. Although these practices produce effective
results, they generate highly alkaline effluents with
high levels of sulfides and suspended solids, which
account for approximately 80% to 90% of the
polluting waste generated in this sector (Hasan
et al., 2022; George et al., 2014; Aruchalam &
Saritha, 2009). This environmental issue, together
with the risks posed by these compounds to workers’
health, has intensified the need to develop safer
and more sustainable alternatives aimed at reducing
the use of aggressive chemicals, minimizing waste
generation, and promoting more efficient tanning
processes (China et al., 2020). In this regard, enzymes
from microorganisms have established themselves
as industrial biocatalysts of great importance
because they possess high efficiency, specificity, and
robustness, which gives them the ability to function
in a wide range of environments (Nachimuthu ef al.,
2022). Studies based on crude enzyme extracts have
demonstrated their efficiency in hydrolysis processes
and their potential applicability in the development
of sustainable bioprocesses (Herndndez-Teyssier et
al., 2024). In particular, proteases stand out as key
biotechnological alternatives for partially or totally
replacing chemical agents in tanning, particularly
during the unhairing stage (BiSkauskaite et al,
2021). These enzymes hydrolyze non-collagenous
proteins and components associated with hair follicles,
thereby enabling hair removal without damaging
the collagen matrix (Gao et al., 2023; Shakilanishi
& Shanthi, 2017). Their implementation has been
shown to significantly reduce pollutant load, water
consumption, and risks associated with handling
hazardous compounds, making them valuable tools for
advancing toward cleaner and safer tanning processes
(Ismail et al., 2025; Hasan et al., 2022).

Proteases account for about 60% of global demand
for industrial biocatalysts used in leather processing,
detergent formulation, pharmaceuticals, food, protein
hydrolysate production, and waste treatment (Song
et al., 2023; Solanki et al., 2021; Razzaq et al.,
2019). However, industrial processes often involve
extreme pH and temperature conditions that require
more robust biocatalysts. In this regard, thermophilic
proteases present substantial advantages, as they
retain activity and stability under severe conditions
and exhibit resistance to denaturing agents and
organic solvents (Singh ef al., 2024; Kochhar et al.,
2022). These properties have encouraged the search
for microbial sources that produce enzymes, with
particular interest in bacteria of the genus Bacillus,

recognized as one of the main sources of bacterial
proteases due to their high yields in the production
of enzymes with robust characteristics and outstanding
stability in extreme conditions (Contesini ef al., 2018;
Igbal et al., 2015).

Extreme environments are considered
underexplored reservoirs of thermophilic
microorganisms producing enzymes with unique
characteristics. These microorganisms are mainly
found in hot springs in various parts of the world,
as well as in areas of active or dormant volcanoes
(Avila-Andrade et al, 2025; Schultz et al, 2023;
Mairquez & Blamey, 2019). These environments
include shallow terrestrial thermal lakes, hydrothermal
vents on the ocean floor, and coastal regions with
geothermal activity, which have been identified as
habitats for bacteria capable of producing enzymes of
biotechnological interest (Ortega-Villar et al., 2024;
Guta et al., 2024; Schultz et al., 2023).

El Chichén volcano, located in Chiapas, Mexico
(17°21°’N, 93°41°W; 1,100 masl), is the most active
volcano in the region and dates to the Pleistocene
epoch. Its last Plinian eruption took place in March
1982, leading to the development of a crater lake
whose size, level, and chemical composition have
since undergone continuous variation (Legrand et al.,
2024; Casas et al., 2016; Armienta et al., 2008). This
lake is distinguished by its temperature variability at
different points, ranging from 35 °C to 92 °C, and
pH values between 1.9 and 6, making it a favorable
environment for the proliferation of thermophilic
bacteria with enzymatic potential (Pefia-Ocafa et al.,
2022; Rincén-Molina et al., 2020; Ovando-Chacén
et al., 2020). Several studies have addressed aspects
of its hydrology, hydrochemistry, geology, evolution,
and microbial diversity (Velazquez-Rios et al., 2022;
Rincon-Molina et al, 2019; Casas et al., 2016;
Jacome et al., 2016; Armienta et al., 2014; Cuoco
et al., 2013; Contreras & Salgado, 2012; Taran
& Peiffer, 2009; Rouwet et al., 2008); however,
knowledge remains limited regarding the bacterial
community producing extremozymes with potential
biotechnological applications. To date, no study
has specifically focused on thermophilic protease-
producing bacteria in this environment.

Consequently, in this study, thermophilic bacteria
producing extracellular proteases were isolated,
selected, and identified from geothermal water
samples from El Chichén crater lake to explore their
biotechnological relevance. As part of this approach,
basic physicochemical parameters of the extracellular
proteolytic activity of Bacillus smithii AP67 were
evaluated, and its functional application in goat skin
depilation was examined. Although functional genetic
evidence for protease-related pathways in Bacillus
smithii has been previously reported (Milano et al.,
1994), to our knowledge, no study has evaluated
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its activity or considered its potential application in
tanning processes, which positions this work as one of
the first to propose its use as a sustainable alternative
in the leather industry.

2 Materials and methods

2.1 Sampling site and sample collection

Geothermal water was sampled in October 2023 on the
eastern side of the crater lake of El Chichdn volcano,
located at site 17°21'46.2° °N, 93°13'41.7°°W. The
water was collected in triplicate using sterile 50 mL
polypropylene conical tubes at a depth of 20 cm
below the surface and kept refrigerated at 4 °C. The
samples were then transferred to the microbiology
laboratory located at the Tecnoldgico Nacional de
Meéxico -Instituto Tecnoldgico de Tuxtla Gutiérrez
for subsequent physicochemical and microbiological
analysis. All bacterial isolates used in this work belong
to the posgrado ITTG collection.

2.2 Physicochemical analysis of geothermal
water samples

Temperature, pH, and total dissolved solids were
evaluated in situ using a standard HANNA portable
pH and temperature meter, model HI-98128 (Merk,
Kenilworth, USA). The evaluation of the elemental
components of the geothermal water was carried
out using a PerkinElmer Optima 7000 inductively
coupled plasma optical emission spectrometer (ICP-
OES), using the methodology described by Gonzélez-
Terreros et al. (2018). All analyses were performed in
triplicate.

2.3 Isolation of thermophilic bacteria

Geothermal water (500 uL) was inoculated on YT
pH 6 agar plates composed of: casein peptone (MCD
LAB, Mexico), 10 g/L; yeast extract (DIBICO,
Mexico), 1 g/L; NaCl (MEYER, Mexico), 3 g/L;
Ky;HPO4s (MEYER, Mexico), 1 g/L; MgSO4-7H,0
(JALMEK, Mexico), 1 g/L; MnSO4-2H; O, 0.1 g/L;
CaCl-2H,O0 (MEYER, Mexico), 0.3 g/L; glucose
(MEYER, Mexico), 2 g/L and agar (MCD LAB,
Mexico), 20 g/L (Ellouz et al., 2001) and incubated
at 60 °C for 24 h. Bacterial colonies showing
morphological variations were selected and re-
streaked on a solid culture medium with the same
composition until pure bacterial strains were obtained.

2.4 Detection of  protease-producing
bacterial isolates

The bacterial strains obtained were evaluated to
identify the five strains with the highest capacity
to produce extracellular proteases in vitro using a
selective culture medium following the methodology
described by Zhang et al. (2021). Briefly, the culture
medium consisted of the following components:
casein (LABESSA, Mexico), 10 g/L; glucose
(MEYER, Mexico), 1 g/L; yeast extract (DIBICO,
Mexico), 1 g/L; KoHPO4 (MEYER, Mexico),1 g/L;
KH,PO4 (MEYER, Mexico), 0.5 g/L; MgSO4-7TH,0
(JALMEK, Mexico), 0.1 g/L, and agar (MCD LAB,
Mexico), 20 g/L. Plates were inoculated at the center
with 10 yl of inoculum previously grown on Luria
Bertani culture medium (Bertani, 1951). After 10 min,
the casein plates were incubated at 60 °C for 24 h.
After the incubation, the diameter of bacterial growth
was observed and measured, as well as the hydrolysis
halo corresponding to the extracellular proteolytic
activity using a TRUPER® digital vernier calibrator.
The proteolytic activity index (PI) was estimated based
on equation 1 (Abdollahi et al., 2021):

_ Diameter of the proteolysis zone (mm)

(1

" Diameter of the bacterial colony (mm)

PI: Proteolytic Index.

2.5 Molecular identification of isolates

Genomic DNA extraction from the selected
strains was carried out wusing the phenol-
chloroform technique described by Kochl et al.
(2005). The 16S rRNA genes were amplified by
polymerase chain reaction (PCR) using genomic
DNA and the universal bacterial primers 8F
(5’-AGAGAGTTTGATCCTGGCTGGCTCAG-3)

and 1492R (5’-GGTTACCTTGTTACGACTT-3’).
Reaction conditions and thermocycler programming
were adjusted as described by Weisburg et al. (1991).
The integrity of the PCR products was verified
on a 1% agarose gel, then purified and sequenced
using the same primers (Macrogen, Seoul, South
Korea). The 16S rRNA gene sequences were manually
edited and assembled into consensus sequences using
BioEdit software version 7.2.5 (Hall, 1999). The
sequences were compared to the GenBank database
of the National Center for Biotechnology Information
(NCBI) using the nucleotide BLAST tool. Genomes of
type strains were compared to establish evolutionary
relationships among the isolates by constructing a
phylogenetic tree using the neighbor-joining method
and Kimura's two-parameter model, incorporating
a Bootstrap analysis with 1000 replicates (Saitou
and Nei, 1987). Data processing was performed
using the MEGA X software package version 10.1.8
(Kumar et al., 2018). The 16S rRNA gene sequences
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corresponding to the strains of interest were registered
in the GenBank database (PQ375433, PQ326436,
PQ326437, PQ375434, and PQ375435).

2.6 Morphological characterization

Morphological characterization of each isolate
allowed the observation of characteristics such as
shape, border, elevation, color, and surface of the
bacterial colony, using the methodology described by
Smith (2002). Microscopic observations were made
using an AxioLab microscope (Carl Zeiss® brand)
to assess bacterial cell shape, and Gram staining was
performed using a differential staining kit (HYCEL,
Mexico), following the procedure described by Mohan
(2009).

2.7 Biochemical characterization and
assessment of enzymatic production

The bacteria were subjected to biochemical
characterization through a series of specific assays,
including catalase (Ullah et al., 2021), indole (Harley
et al., 2002a), citrate (Masi et al., 2021) triple sugar
iron (Harley et al., 2002b), methyl red (Masi et al.,
2021), Vogues-Proskauer (Masi et al., 2021), amylase
(Temsaah et al., 2018), cellulase (Temsaah et al.,
2018), and lipase activity tests (Abdollahi et al., 2021).
The tests were performed to determine the metabolic
properties and production of extracellular enzymes of
the isolates.

2.8 Quantification of
proteolytic activity

extracellular

The extracellular proteolytic activity of the five strains
that showed the highest protease production in the in
vitro tests was quantified using the method described
by Kuberan et al. (2010). The bacterial strains were
incubated in YT medium at pH 6 and a temperature
of 60 °C for 24 h. After incubation, the biomass was
separated by centrifugation at 8000 rpm for 3 min,
and the cell-free extract was established as a crude
extract and used for the enzyme assay. The reaction
mixture consisted of 1.25 mL of 100 mM Tris-HCI
buffer pH 6.0, 0.5 mL of 1% (w/v) casein solution,
and 0.25 mL of crude extract. The reaction mixture
was incubated at 60 °C for 30 min and stopped with
3 mL of 5% (w/v) trichloroacetic acid. The mixture
was then incubated at 4 °C for 10 min to promote
protein precipitation, followed by centrifugation at
3500 rpm for 5 min. Next, 0.5 mL of the liquid
fraction of the precipitate was taken to which 2.5 mL
of 500 mM Na,;CO3; was added, and the mixture was
incubated for 20 min at room temperature. Finally,
0.5 mL of Folin-Ciocalteu reagent (Sigma, Aldrich)
was added to measure the absorbance at 660 nm with

a Velab UV/Vis spectrophotometer (model VE-5600
UV PC). Protease activity was determined in triplicate
and recorded in units per mL (U/mL) by comparing the
amount of tyrosine released from each sample with a
standard tyrosine curve.

2.9 Biochemical properties of the crude
protease

The biochemical properties of the crude extract were
evaluated exclusively using the strain Bacillus smithii
AP67, which was selected for exhibiting the highest
proteolytic activity in the preliminary screening
assays. The extract was obtained from the cell-free
supernatant, and enzymatic activity was determined
following the previously described protocol.

2.9.1 Effect of pH and temperature on protease
activity

The influence of pH on the proteolytic activity of the
crude extract was evaluated using 100 mM buffers
according to the pH range: glycine-HCI (pH 4.0 and
5.0), Tris-HCI (pH 6.0-8.0), and glycine-NaOH (pH
9.0-10.0). The temperature profile was determined
by performing the standard assay in a range of 30
to 90 °C, in increments of 10 °C, at a pH of 8.0.
Enzymatic activity was reported as relative activity
(%), considering the maximum activity obtained
under control conditions as 100%. All assays were
conducted in triplicate.

2.9.2 Effect of metal ions, organic solvents, and
surfactants on protease activity

The effect of different chemical agents on protease
activity was assessed under standard assay conditions
(pH 8.0 and 60 °C). To evaluate the effect of metal
ions, the crude protease extract was pre-incubated for
30 min with 10 mM solutions of MgCl,, MnCl,,
CaCl,, CoCly, FeCl,, CuCl,, and the chelating agent
EDTA before the enzymatic reaction.

The effect of organic solvents was analyzed by
adding 10% (v/v) ethanol, methanol, hexane, acetone,
and chloroform to the reaction mixture. The effect of
surfactants was evaluated by pre-incubating the crude
protease extract with 1% (w/v) SDS, Tween-20, or
Tween-80 under the same conditions. Enzyme activity
was expressed as relative activity (%) by considering
the untreated crude protease extract as a control
(100%). All assays were conducted in triplicate.

2.10 Application of crude protease extract
in goat skin dehairing
The potential application of the crude protease extract

in leather processing was evaluated using fresh goat
skin, following a modified methodology described by
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Pravin et al. (2014). Skin samples were thoroughly
washed with distilled water, cut into uniform pieces
of approximately 5 X 5 cm, and immersed in 100 mL
of the crude protease extract, followed by incubation
at 60 °C for 8 h. Control samples were incubated
with distilled water under the same conditions. After
incubation, the dehairing performance was assessed by
manually scraping the skin surface with the fingers.
The outcome was visually examined based on the
cleared area of the skin, and the integrity of the dermal
layer was evaluated to verify the absence of structural
damage.

3 Results and discussion

3.1 Physicochemical characterization of
geothermal water samples

The results of the in situ physicochemical
characterization of the geothermal water from the
El Chichén volcano lake are shown in Table 1. The
thermal source represents a thermophilic environment
(> 60 °C) with a slightly acidic pH (6), while the
concentrations of elements and metals are very low.
According to the physicochemical characterization
of the geothermal water collected from the crater
lake of the El Chichén volcano, temperature and pH
regimes conducive to the growth of thermoacidophilic
microorganisms were identified. Previous studies
have reported similar physicochemical conditions,
highlighting the wvariability in the parameters at
different points in the crater lake (Veldzquez-Rios
et al., 2022; Pefia-Ocafa et al., 2022; Ortiz-Cortés
et al., 2021; Ovando-Chacén et al., 2020). These
characteristics can also affect the chemical form of
the elements found in greater proportions and promote
association with certain toxic elements, leading to
the formation of primary or secondary minerals that
reduce bioavailability to organisms (Ovando-Ovando
et al., 2023). This study reports the presence of
macronutrients such as K and Mg at concentrations
of 56.63 and 3.74 mg/L like as previously reported
in water samples from the El Chichén volcanic lake
by Rouwet et al. (2008), Armienta et al. (2008),
Armienta et al. (2014), and Velazquez-Rios et al.
(2022). In addition, concentrations of 0.12, 0.02, and
1.88 mg/L of Mn, Cu, and Zn ions, respectively, were
detected, which is consistent with the findings reported
by Ovando-Ovando et al. (2023), who reported
concentration ranges of 2.2-8.5, 0.005-0.02, and 0.08-
0.12 mg/L, respectively. Likewise, the presence of
Fe ions was determined with a concentration of 3.01
mg/L, in accordance with concentrations reported by
Rouwet et al. (2008), who reported values ranging
from 0.1 to 314 mg/L. Finally, the presence of the toxic
element arsenic was detected at a concentration of

0.01 mg/L, which is comparable to the concentration
of 0.05 mg/L reported by Ovando-Ovando et al.
(2023). The chemical composition of crater lakes
depends on factors related to the geology of the region
in which they are located, climatic conditions, and
the geothermal activity associated with the volcanic
system., which is mainly evidenced in the form of
magmatic heat and gas input, temporal variations
mainly driven by dilution/concentration processes
associated with rainfall and evaporation (Armienta
et al, 2008; Armienta er al, 2014). The study
of the chemical composition of these lakes is of
particular interest, as it allows a more accurate
assessment of precursor chemical changes that reflect
volcanic activity, enabling timely warnings of changes
in the state of a volcano (Armienta et al, 2014).
Microorganisms that reside in this type of extreme
environment, despite the abundance of metals, display
a remarkable variety of metabolic strategies that
favor their survival (Ovando- Chacén et al., 2020).
Their diverse metabolisms contribute to the cycle
of essential elements such as carbon, sulfur, and
iron. These organisms can use both organic and
inorganic molecules as substrates to obtain energy
and carbon sources, allowing them to be classified
as chemoorganotrophs or chemolithotrophs (Pefia-
Ocana et al., 2022). However, most are considered
chemoorganotrophic species that can survive in
microaerophilic or anaerobic conditions, using ferric
iron as a terminal electron acceptor (Veldzquez-Rios
et al., 2022).

Table 1. In Situ physicochemical characterization of
the geothermal water from the crater Lake of El
Chichén volcano.

Parameter Average result
Temperature (°C) 65 +2.00
pH 6+0.22
Total dissolved solids (ppm) 129 £ 3.01
As (mg/L) 0.01 + 0.01
Cu (mg/L) 0.02 +0.16
Fe (mg/L) 3.01 = 0.60
K (mg/L) 56.63 + 3.05
Mg (mg/L) 3.74 £ 0.27
Mn (mg/L) 0.12 = 0.01
Zn (mg/L) 1.88 + 0.08

3.2 Isolation of thermophilic bacteria

Geothermal water samples from the crater lake of
El Chichén volcano were inoculated onto plates
containing YT solid culture medium, on which
bacterial growth was observed after the incubation
period. Based on colony morphology, each distinctive
morphological characteristic of shape, edge, elevation,
pigment, and surface was considered a different
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bacterial species. A total of 50 different strains were
subcultured using the cross-stripping technique and
preserved in YT medium for future testing.

3.3 Screening and detection of thermophilic
bacteria producing proteases

The in vitro proteolytic capacity of the isolated
strains was assessed through specific activity tests.
Among the 50 isolates obtained, 46 (92%) produced
extracellular thermophilic proteases. Extracellular
proteolytic activity was observed by the formation of
clear zones around the colonies, resulting from the
hydrolysis of casein molecules by the action of the
enzyme secreted into the medium and the subsequent
release of low molecular weight peptides and amino
acids that act as a source of nutrients. (Zhang et
al., 2021; Veloorvalappi et al., 2013). The proteolytic
index values of the positive isolates ranged from 1.0 to
2.11, as presented in Table 2.

Based on these results, five isolates AP19, AP25,
AP31, AP34, and AP67 were prioritized for further
analyses due to their high extracellular proteolytic
activity, with strain AP67 exhibiting the highest
proteolytic index value of 2.11 + 0.12. The frequency
of positive isolates and the range of IP observed in this
study is similar to that reported in previous reports of
from geothermal environments, where high positivity
rates and PI values typically ranging from 0.31 to 2.50
(Mugarramah et al., 2023), and occasionally reaching
up to 4.65 (Sabaria et al., 2014), have been described
depending on the substrate and assay conditions.

3.4 Molecular identification

Genomic DNA was extracted from strains considered
potential protease producers (AP19, AP25, AP31,
AP37, and AP67), and its integrity was confirmed
by agarose gel -electrophoresis. Subsequently,
the universal 16S rRNA gene was amplified by
polymerase chain reaction (PCR).

Table 2. Proteolytic activity index (PI) of thermophilic bacteria isolated from the crater lake of El1 Chichén Volcano.

Strain  Proteolytic Index (PI)  Strain Proteolytic Index (PI)
AP10 1.15 + 0.03 fehijkl AP134 1.08 + 0.04 hijklm
AP13 l+om AP135 1+0m
AP14 1.22 + (0.04 defgh AP136 ND
AP16 1.23 + (.12 defeh AP141 1.23 + (.]119efeh
AP17 ND AP143 1.24 + 0.024¢fe
AP18 1.16 + 0.03¢fehijk AP144 1.01 + 0.02KIm
AP19 1.42 +0.08 ¢ AP145 1.100 + 0.02&hijklm
AP25 1.59 +0.07° AP146 1.15 + 0.02fghijkim
AP31 1.65 +0.04 b AP147 1.00 £ 0.02™
AP33 1.22 + 0.06d¢efeh AP148 ND
AP34 1.35 £ 0.04 4 AP149 ND
AP35 1.09 + 0.01 ghikim — Ap150 1.24 + 0.019¢fe
AP37 l+0m AP154 1.21 + 0.00 defeh
AP39 1.20 + 0.04defghi AP156 1.24 + 0.00 defe
AP41 1.05 + 0.04¥Im AP157 1.15 + 0.06&hijklm
AP64 1.15 + 0.08fehikim — Ap159 1.14 + 0.03 fehikim
AP67 2.11+0.12% AP161 1.17 + 0.01 ©fehij
AP69 1.14 + 0.05fghikim — Apj65 1.21 + 0.02 defgh
AP87 1.18 + 0.04 cfehi AP166 1.17 + 0.01 efehifk
AP119 1.22 + (.02 defgh AP167 1.15 + 0.08 fehijkim
AP129 1.16 + 0.03 cfehik  AP169 1.16 + 0.01 efehik
AP130 1.17 + 0.05¢fehij AP170 1.20 + 0.0 defehi
AP131 1.26 + 0.03 def AP173 1.22 + 0.06 defeh
AP132 1.31 +0.01 ¢de AP175 1.22 + (.03 defegh
AP133 1.02 + 0.01 Jkim AP176 1.17 + 0.03 efehijk
HSD 0.15

ND: Not detectable, HSD: honestly significant difference.

Mean values with the same letter in the column are not statistically different (p < 0.05)
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Table 3. Molecular identification of thermophilic bacteria from the crater lake of the El Chichén volcano.

Strain  Closest  partial Accession No. 16S rRNA Closest NCBI Reference
16S rRNA gene seq. (bp) match/species identity
sequence
AP19  Bacillus PQ375433 1343 Bacillus licheniformis  Unpublished
licheniformis ATCC 145807
(ON597434)/100%
AP25  Bacillus PQ326436 1210 Bacillus licheniformis  (Veith et al., 2004)
licheniformis DSM13T
(AE017333)/100%
AP31  Bacillus PQ326437 1215 Bacillus licheniformis (Wang et al., 2007)
licheniformis BCRC 11702 T
(NR116023)/99.92%
AP34  Alicyclobacillus  PQ375434 1217 Alicyclobacillus (Roth et al., 2021)
mali mali FSL-W10-0018T
(MW694475)/100.00%
AP67  Bacillus smithii PQ375435 1423 Bacillus smithii  (Bosma et al., 2016)
DSM4216%
(CP012024)/99.09%

s2| Bacillus licheniformis AP19 (PQ375433)
Bacillus licheniformis ATCC 145807 (ON597434)
Bacillus licheniformis AP25 (PQ326436)

o2 [ Bacillus licheniformis DSM 13T (AE017333)
Bacillus licheniformis AP31 (PQ326437)

{00 Bacillus licheniformis BCRCT 11702 (NR116023)
Bacillus licheniformisT (X68416)

Bacillus licheniformis ABNT (MT642943)

Bacillus licheniformis NBRC 122007 (NR 113588)

Bacillus smithii AP67 (PQ375435)

o6 | Bacillus smithii DSM4216" (CP012024)
80" Bacillus smithii NRS-173T (NR 036987)
Alicyclobacillus AP34 (PQ375434)
100 ' glicyclobacillus mali FSL-W10-0018T (MW694475)

Burkholderia perseverans INN12T (KY365423)

—
0.050

Figure 1. Neighbor-joining phylogenetic tree based on
16S rRNA gene sequences of the thermophilic bacteria
AP19, AP25, AP31, AP34, and AP67 isolated from
the crater lake of the El Chichén volcano. The tree
contains the closest type of strain for each isolate.

The amplicons were approximately 1400 bp in
size, and the resulting sequences were analyzed
and compared with existing sequences in the NCBI
database. Based on 16S rRNA gene sequence
similarity analysis and the construction of a
phylogenetic tree using type strains, strains AP19,
AP25, and AP31 exhibited high phylogenetic
similarity to Bacillus licheniformis, strain AP37
clustered within the genus Alicyclobacillus, and strain

AP67 showed a strong phylogenetic relationship
with Bacillus smithii, as summarized in Table 3.
These results are highly relevant, as there are
currently no specific reports on the isolation and
identification of thermophilic microorganisms from
the Chiapas Volcanic Arc capable of producing
extracellular proteases with potential applications in
the biotechnology industry.

Figure 1 shows the phylogenetic tree obtained
using the neighborhood linkage method, based on
16S rRNA gene sequences grouped into clusters
corresponding to type strains of bacterial species
isolated from the geothermal water of the crater lake
of the El Chichén volcano.

The bacterial genera identified in this study
are consistent with those described in previous
studies related to the isolation of thermophilic
microorganisms in the crater lake of the El Chichdén
volcano, in which the bacterial genera Geobacillus
and Alicyclobacillus have been described (Ovando-
Chacon et al, 2020; Ortiz-Cortés et al., 2021).
Similarly, Rincén-Molina er al. (2020) reported on
a metagenomic study of the diversity of bacterial
populations present in the sediments of the crater lake
of the El Chichén volcano, in which the presence
of 15 phyla was reported in sediments at 50 °C,
with a predominance of Actinobacteria (33.1%),
Proteobacteria (29.1%), and Acidobacteria (20.1%).
The presence of nine phyla was also evidenced,
with a predominance of Bacillota (52.7%; mainly
Alicyclobacillus and Sulfobacillus) and Proteobacteria
(44.8%; particularly Bradyrhizobium) in sediments
at 92 °C. On the other hand, Veldzquez-Rios et
al. (2022) reported on prokaryotic diversity along a
pH gradient in the crater lake of the El Chichdn
volcano by sequencing the 16S rRNA gene amplicon,
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using sediment and water samples collected within
a pH/temperature gradient (pH 1.9-5.1, 38-89 °C).
The results obtained showed that the microbial
composition differed significantly between sediment
and water. Sediment communities were different at the
site with the highest temperature and lowest pH value,
while water communities were similar at all sites.
The identified genera were related to Alicyclobacillus,
Bacillus, and Paenibacillus. Taken together, these
results indicate that the crater lake of El Chichén
volcano is a reservoir of thermophilic microorganisms
that produce industrially important enzymes and that it
harbors a microbial community capable of adapting to
the different conditions of a highly active crater lake.

biochemical
thermophilic

3.5 Morphological  and
characterization  of
isolates

The bacterial strains with the highest proteolytic
index were cultured in YT agar medium to evaluate
the morphology of their colonies and cells. The
colonies had wavy, complete edges, with circular or
irregular shapes, flat convex elevations, and white
to cream-colored pigmentation. Their surfaces were
membranous and smooth. Gram staining showed that
the strains were Gram-variable and bacillus shaped.
The results of the morphological and biochemical
characterization of the strains are presented in Table
4.

According to the morphological evaluation, strains
AP19, AP25, and AP31 exhibit morphological
characteristics like the reported thermophilic isolates.
Mohammad et al. (2017) and Verma et al. (2018):
irregular shape, wavy edges, flat elevation, white
color, and smooth surface. On the other hand, strain
AP34 presented a morphology like that reported
by. Ding et al. (2008) and Ortiz Cortés et al.
(2021), which indicates that the morphology of
Alicyclobacillus isolates has characteristics of circular
shape, wavy edges, convex elevation, and creamy
color. Likewise, strain AP67 presented characteristics
like those reported by Nakamura et al. (1998), who
reported that the colonial morphology of the Bacillus
smithii isolate presents a circular shape, entire edge,
translucent color, smooth surface, and a flat elevation.
As for the results of the microscopic observation,
they indicated that all the strains presented the form
of bacilli and a Gram-variable staining response,
predominantly showing a coloration characteristic of
Gram-negative bacteria. It is important to mention
that these bacterial species have been reported as
Gram-positive (Gallo & Aulitto, 2024; Ramirez-Olea
et al., 2022; Gordon, 2017). However, the variability
in Gram staining could be due to a structural change
in the components of the cell membrane caused by
mechanisms of adaptation to common phenomena
of heat and matter transfer, such as changes in
temperature, pressure, and phase change related to gas
production at the edges of the crater lake of the El
Chichén volcano (Ovando-Chacén et al., 2020).

Table 4. Characterization of macroscopic, microscopic, and biochemical tests of thermophilic protease-producing

bacteria.
Observation Isolated strain code
AP19 AP25 AP31 AP34 AP67
Macroscopic feature
Form Irregular  Irregular  Irregular Circular Circular
Border Undulate  Undulate Undulate Undulate Integer
Elevation Flat Flat Flat Convex Flat
Pigment White White White Cream Translucent
Surface Smooth Smooth Smooth  Membranous Smooth
Microscopic feature
Gram stain - - - - -
Cellular form Bacilli Bacilli Bacilli Bacilli Bacilli
Biochemical tests
Simmons Citrate - - - - -
Voges Proskauer - - - - -
Methyl red + + + + +
Indol - - - - -
Catalase + + + + +
TSIA A/A A/A A/A A/A A/A
Starch + + + + +
Cellulose + + + - -
Lipase + + + - +

+ = positive, - = negative, A= Yellow.
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The results of biochemical tests showed that
the strains were unable to metabolize citrate as a
carbon source or ammonia as a nitrogen source, nor
could they degrade tryptophan to produce indole.
Similarly, they did not produce 3-hydroxybutanone
(acetoin) because of glucose metabolism. However,
the methyl red test showed that they can ferment
glucose and produce organic acids such as acetic,
lactic, and formic acids. Similarly, the TSI test
showed that all bacteria were capable of fermenting
lactose and sucrose to produce acids. Likewise, the
catalase test revealed that all bacteria possessed
aerobic metabolism (Harley et al, 2002b). On the
other hand, the production of extracellular hydrolytic
enzymes such as amylase, cellulase, and lipase was
evaluated. The results showed that all strains can
produce extracellular amylases, in contrast to cellulase
production, as strains AP34 and AP67 did not
reveal such activity. Similarly, strain AP34 did not
produce the enzyme lipase. These findings suggest
that the bacterial strains isolated in this study have a
chemoheterotrophic metabolism, demonstrating their
dependence on organic compounds for growth and
energy generation. These results are consistent with
the findings of Ovando-Chacén et al. (2020) and Ortiz-
Cortés et al. (2021), who indicated that the strains
isolated from the crater lake of the El Chichén volcano
showed chemoheterotrophic traits, indicating their
dependence on organic compounds for metabolism.
However, unlike the results obtained in this study,
our strains were unable to metabolize citrates, which
could suggest differences in metabolic adaptations to
the environmental conditions of the crater lake of El
Chichén volcano.

3.6 Quantification
proteolytic activity

of extracellular

The extracellular proteolytic activity of strains AP19,
AP25, AP31, AP34, and AP67 was evaluated using
casein as a substrate. The enzymatic activities obtained
ranged from 23.68 + 5.25 to 102.75 + 6.39 U/mL, with
the Bacillus smithii strain AP67 showing the highest
extracellular protease activity. The results are shown
in Figure 2.

120

AP19 AP2S AP31 AP34 APE7
Strain

Activity (U/mL)
E & 3 8 B

o

Figure 2. Proteolytic activity of selected thermophilic
bacteria.

The differences obtained in proteolytic activities
are because protease production depends on several
physicochemical and nutritional factors, such as
temperature, pH, carbon and nitrogen sources, as well
as aeration and agitation, which play an important role
in the expression of these enzymes (Lépez-Trujillo
et al., 2023; Solanki et al, 2021; Ahmad et al.,
2020). The results obtained in this study suggest that
the strains isolated from the crater lake of the El
Chichén volcano show moderate proteolytic activities
compared to reports from other authors. For example,
Suleiman et al. (2020) reported proteolytic activities
in the range of 75 to 175 U/mL in bacteria isolated
from hot springs in Malaysia, and Fachrial et al.
(2021) reported activity ranges of 0.96 to 23.67 U/mL
in preliminary tests on thermophilic bacteria isolated
from hot springs in Indonesia. Due to the concordance
between the high IP in plates and the maximum
enzymatic activity in the crude extract, we decided
to select the Bacillus smithii AP67 strain as the main
strain of interest. In this regard, we evaluated the
biochemical properties of the crude enzyme extract
to assess its performance under relevant operating
conditions and support its applied evaluation.

3.7 Biochemical properties of the crude
protease

3.7.1 Effect of pH and temperature on protease
activity

The crude proteolytic extract of Bacillus smithii AP67
showed maximum activity at a pH of 8.0, confirming
its classification as an alkaline protease with an
absolute activity of 136.64 + 7.50 U/mL designated
as 100% relative activity, as shown in Figure 3.

These findings are consistent with previous reports
describing similar optimal pH values for proteases
from Bacillus infantis (Saggu and Mishra, 2017),
Bacillus licheniformis LBA 46 (dos Santos Aguilar et
al., 2019), Bacillus subtilis BSP (Majeed et al., 2024),
Bacillus subtilis S1 (Hashmi et al., 2022), Bacillus
amyloliquefaciens (Hashmi et al., 2022), and Bacillus
cereus PW3A (Tennalli et al., 2022). Consistently,
it has been reported that most microbial proteases
used in industrial sectors exhibit their highest catalytic
activity in an alkaline pH range between 8.0 and
12.0 (Veloorvalappi et al., 2013). In this study, the
enzyme retained more than 70% of its activity in a
pH range of 6 and 7, suggesting greater operational
compatibility compared to strictly alkaline proteases.
In contrast, a marked loss of activity was observed
under acidic conditions, a behavior consistent with
reports of alkaline enzymes exhibiting low stability
under acidic stress conditions (Solanki et al., 2021).
This phenomenon has been linked to alterations
in the electrostatic balance and conformation of
proteins, which compromise the geometry of the active
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Figure 3. Effect of pH on enzyme activity.
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Figure 4. Effect of temperature on enzyme activity.

site and reduce its catalytic capacity (Meena et al.,
2024; Gemechu et al., 2020).

The crude proteolytic extract of Bacillus smithii
AP67 presented an activity profile as a function of
temperature, which reached its maximum value at 60
°C, defined as 100% relative activity, as shown in
Figure 4.

These findings are consistent with previous
reports of proteases from Bacillus licheniformis
LBA46 (dos Santos Aguilar et al,, 2019), Bacillus
stearothermophilus (Karray et al., 2021), Bacillus
cereus PW3A (Tennalli et al., 2022), Bacillus subtilis
K-5 (Shad et al., 2024), and Geobacillus sp. PLS
(Igbalsyah et al., 2019), which reported optimal
activities in a range of 55 and 60 °C. In this study, the
crude protease retained more than 80% of its activity
at 50 °C, demonstrating thermal stability suitable for
biotechnological applications in processes requiring
high temperatures. On the other hand, proteolytic
activity was significantly reduced at temperatures
above 70 °C, probably reflecting partial denaturation
of the enzyme. The reduction in activity observed at
high temperatures is consistent with that described in
microbial proteases, in which thermal stress disrupts
the network of non-covalent interactions responsible
for stabilizing the tertiary structure of the enzyme,
affecting the catalytic capacity of the active site (Song
etal., 2023; Gupta et al., 2002). Taken together, the pH
and temperature profile results reflect characteristics
typical of thermoalkaline enzymes. These results

provide a solid basis for investigating their stability
under other conditions relevant to industry.

3.7.2  Effect of metal ions, solvents, and surfactants
on protease activity

The crude protease from Bacillus smithii AP67 was
evaluated with different metal ions, organic solvents,
and surfactants to determine its stability under diverse
chemical conditions. The results showed that divalent
cations such as CaCly, MgCl,, and MnCl, enhanced
or maintained enzyme activity, while transition metals
such as CoCl,, FeCl,, and CuCl, produced a notable
inhibition. In contrast, the chelating agent EDTA
partially decreased activity, which could indicate that
divalent ions are necessary to maintain structural
stability. When evaluating activity with solvents, the
enzyme maintained its activity in short-chain alcohols
such as ethanol and methanol it showed a pronounced
decrease in the presence of hexane, acetone, and
chloroform. As for surfactants, the protease retained
much of its activity in the presence of Tween-20 and
Tween-80, while SDS induced a loss of activity. These
findings are summarized in Table 5.

Analysis of the effects of metal ions revealed
that proteolytic activity increases in the presence of
Ca*, Mg”*, and Mn>*. This behavior coincides with
that reported for alkaline proteases from bacteria
such as Bacillus licheniformis A10 (Yilmaz et al.,
2016), Bacillus infantis SKS1 (Saggu and Mishra,
2017), Bacillus stearothermophilus (Karray et al.,
2021), Bacillus subtilis BSP (Majeed et al., 2024),
Geobacillus toebii LBT77 (Thebti et al., 2016), and
Geobacillus stearothermophilus (Igbal et al., 2020).

Table 5. Effect of metal ions (10 mM), organic
solvents 10% (v/v), SDS 1% (w/v), and surfactants
1% (v/v) on the activity of the crude protease
produced by Bacillus smithii AP67.

Chemical agent

Relative activity (%)

MgCl, 91.68 + 7.03
MnCl, 89.33 + 2.67
CaCl, 116.34 + 5.86
CoCl, 5595 +6.14
FeCl, 41.26 + 3.69
CuCl, 21.72 +2.37
EDTA 94.99 + 4.36
Ethanol 92.60 + 7.74
Methanol 89.54 +2.32
Hexane 78.13 + 6.82
Acetone 55.75 + 6.14
Chloroform 50.63 +4.75
SDS 82.82 +7.27
Tween-20 97.50 £ 9.56
Tween-80 103.00 + 3.98

All the results were presented as mean + SD.
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These reports describe how divalent cations,
such as Ca?" and Mn?*, coordinate with the
carboxylate residues of Asp and Glu located in flexible
regions, such as surface loops, reducing electrostatic
repulsions and providing greater rigidity to the protein
conformation, which protects the active site from
thermal denaturation. In contrast, the presence of
transition ions such as Cu?*, Fe2*, and Co?* caused a
notable inhibition of enzymatic activity. This behavior
has been described in alkaline proteases from Bacillus
infantis SKS (Saggu and Mishra, 2017), Bacillus
subtilis VBC7 (Ramalingam et al., 2022), Bacillus
stearothermophilus (Karray et al., 2021), and Bacillus
subtilis BSP (Majeed et al., 2024).

The inhibition of activity is attributed to the
interaction of these metals with amino acids such as
histidine or sulfhydryl, which alter the conformation
of the active site and reduce hydrolytic capacity.
In some cases, the affinity of transition ions for
carboxylate groups can interfere with the binding
of stabilizing cations, causing structural alterations
that decrease enzyme stability (Eijsink et al.,, 2011;
Gupta et al., 2002). Additionally, the partial inhibition
observed with EDTA suggests that divalent cations
play an important role in the structural stabilization of
the enzyme. However, since much of the enzymatic
activity is retained, there is evidence of a certain
degree of functional independence from these metal
cofactors.

The crude protease showed variable stability with
organic solvents, demonstrating high tolerance to
short-chain alcohols such as ethanol and methanol,
while a reduction was observed with hexane,
acetone, and chloroform. This behavior is consistent
with that described for proteases from Bacillus
caseinilyticus (Mothe and Sultanpuram, 2016),
Bacillus licheniformis A10 (Yilmaz et al., 2016),
Geobacillus toebii LBT77 (Thebti et al., 2016),
Bacillus stearothermophilus (Karray et al., 2021),
and Bacillus subtilis BSP (Majeed et al., 2024), in
which proteolytic activity has been reported to be
preserved in the presence of ethanol and methanol but
inhibited by less polar solvents. However, exceptions
exist, such as the protease from Bacillus subtilis
VBC7 (Ramalingam et al., 2022), which retains
its activity with acetone, chloroform, and hexane,
reflecting that stability with solvents depends on the
structure of each enzyme. In general, tolerance to
water-miscible alcohols has been attributed to their
ability to preserve the enzyme's hydration layer, unlike
non-polar solvents, which interfere with hydrophobic
interactions, leading to structural destabilization of the
enzyme (Ramalingam et al., 2022; Gupta et al., 2002;
Ogino and Ishikawa, 2001).

Regarding the effect of surfactants, crude protease
retained its activity in the presence of Tween-20 and
Tween-80, reflecting high compatibility with nonionic

surfactants. In contrast, the anionic detergent SDS
reduced activity to 82.82%, suggesting a reduction
in the structural stability of the enzyme. These
findings are consistent with reports on proteases
from Bacillus caseinilyticus (Mothe and Sultanpuram,
2016), Bacillus stearothermophilus (Igbal et al.,
2020), Bacillus stearothermophilus (Karray et al.,
2021), and Bacillus subtilis BSP (Majeed et al., 2024),
in which Tween has been reported to have a protective
effect, while SDS interferes with critical hydrophobic
regions, altering the structural conformation of the
enzyme (Razzaq et al., 2019; Gupta et al., 2002).

The results obtained in this study show that
crude protease from Bacillus smithii is stable under
moderate conditions, as it retained its activity in the
presence of divalent cations, short-chain alcohols,
and nonionic surfactants, but is more sensitive in
the presence of strongly disruptive agents, such
as transition metal ions, nonpolar solvents, and
anionic detergents. This pattern suggests that crude
protease has sufficient stability for use in industrial
applications. Specifically, its compatibility with water-
miscible alcohols and mild surfactants reinforces
its potential for applications in leather tanning,
where these conditions are relevant and highly
disruptive agents are not usually present in significant
concentrations.

3.8 Dehairing capacity of crude protease
from Bacillus smithii AP67

The crude protease extract from Bacillus smithii
AP67 was tested for its dehairing potential on fresh
goat skin. After 8 h of incubation at 60 °C, the
enzyme preparation completely removed the hair,
while the dermal layer remained intact. The absence of
apparent damage to the dermal layer after enzymatic
treatment is consistent with the selective hair removal
mechanism described for proteases, which supports
the preservation of dermal collagen under controlled
conditions (Gao et al., 2023; Sivasubramanian et al.,
2008). In contrast, the control samples treated with
distilled water showed no visible dehairing effect. The
outcome of the enzymatic treatment is presented in
Figure 5. The time required for complete hair removal
was relatively short compared with previous studies on
alkaline proteases that reported unhairing periods of
12 to 48 h (Singh et al., 2024; Ullah et al., 2022; Briki
et al., 2016; Nadeem et al., 2010; Mukhtar, 2008).
Even in recent reports, such as Uddin et al. (2025),
the process required 9 h.

Overall, the results obtained in this study
correspond to an initial stage of research and
demonstrate the potential of crude protease from
Bacillus smithii AP67 for possible application in
enzymatic hair removal from goat skin. However,
further studies are needed to complement the visual
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Figure 5. Dehairing of goat skin using the crude
protease from Bacillus smithii AP67. (A) Untreated
control showing intact hair, and (B) enzyme-
treated sample exhibiting complete hair removal with
preservation of the dermal structure.

assessment of the depilation effect observed in this
work, through more detailed analyses aimed at
defining its feasibility and reproducibility in industrial
processes.

Conclusions

This study identifies Bacillus smithii AP67, isolated
from the crater lake of the El Chichon volcano, as a
new source of extracellular proteases with relevance
in the enzymatic depilation of goat skin. The crude
enzyme extract exhibited a thermoalkaline profile,
moderate chemical stress tolerance, and achieved
complete depilation of goat skin without apparent
dermal damage, suggesting its potential applicability
as an ecological alternative to conventional chemical
processes. To our knowledge, no previous reports have
been found that describe the functional activity of
Bacillus smithii protease experimentally validated in
leather processing.

By integrating microbial ecology and applied
enzymology, this study highlights the crater lake of
the El Chichén volcano as a unique natural reservoir
of thermophilic microorganisms capable of producing
enzymes of biotechnological importance. Rather than
closing a line of research, these findings constitute
one of the first contributions that pave the way for
new research on the biotechnological potential of the
microbial communities that inhabit this extraordinary
geothermal environment.

Acknowledgements

The authors would like to thank the Secretaria
de Ciencia, Humanidades, Tecnologia e Innovacién
(SECIHTI) for the doctoral scholarship (No. 958659)
awarded to the lead author and the Tecnoldgico
Nacional de México / Instituto Tecnoldgico de Tuxtla
Gutiérrez for the financial and institutional support
provided throughout this research.

References

Abdollahi, P., Ghane, M. and Babaeekhou, L.
(2021). Isolation and characterization of
thermophilic bacteria from Gavmesh Goli
hot spring in Sabalan geothermal field, Iran:
Thermomonas hydrothermalis and Bacillus
altitudinis isolates as a potential source
of thermostable protease. Geomicrobiology
Journal 38(1), 87-95. https://doi.org/10.
1080/01490451.2020.1812774

Ahmad, W., Tayyab, M., Aftab, M.N., Hashmi,
A.S., Ahmad, M.D., Firyal, S., Wasim, M. and
Awana, A. (2020). Optimization of conditions
for the higher-level production of protease:
Characterization of protease from Geobacillus
SBS-4S. Waste and Biomass Valorization
11, 6613-6623. https://doi.org/10.1007/s12649-
020-00935-4

Armienta, M.A., De la Cruz-Reyna, S., Ramos,
S., Ceniceros, N., Cruz, O., Aguayo, A. and
Arcega-Cabrera, F. (2014). Hydrogeochemical
surveillance at El Chichdén volcano crater lake,
Chiapas, Mexico. Journal of Volcanology and
Geothermal Research 285, 118-128. https:
//doi.org/10.1016/j.jvolgeores.2014.
08.011

Armienta, M.A., Vilaclara, G., De la Cruz-Reyna, S.,
Ramos, S., Ceniceros, N., Cruz, O., Aguayo,
A. and Arcega-Cabrera, F. (2008). Water
chemistry of lakes related to active and inactive
Mexican volcanoes. Journal of Volcanology and
Geothermal Research 178(2), 249-258. https:
//doi.org/10.1016/j.jvolgeores.2008.
06.019

Aruchalam, C. and Saritha, K. (2009). Protease
enzyme: An eco-friendly alternative for leather
industry. Indian Journal of Science and
Technology 2(12), 29-32. https://doi.org/
10.17485/1jst/2009/v2112.10

Avila-Andrade, A., Beristain-Cardoso, R., Garcia-
Mondragén, D., Alcaraz-Ibarra, S., Aguirre-
Garrido, J.F. and Gonzales-Blanco, G. (2025).
Biodegradation potential of thermophilic
cellulolytic bacteria isolated from urban
organic waste composting. Revista Mexicana
de Ingenieria Quimica 24 (3), Bio25551.
https://doi.org/10.24275/rmiq/Bi025551

Bertani, G. (1951). Studies on lysogenesis I
The mode of phage liberation by lysogenic
Escherichia coli. Journal of Bacteriology 62(3),
293-300. https://doi.org/10.1128/jb.
62.3.293-300.1951

12 WWW.rmiq.org


https://doi.org/10.1080/01490451.2020.1812774
https://doi.org/10.1080/01490451.2020.1812774
https://doi.org/10.1016/j.jvolgeores.2014.08.011
https://doi.org/10.1016/j.jvolgeores.2014.08.011
https://doi.org/10.1016/j.jvolgeores.2014.08.011
https://doi.org/10.1016/j.jvolgeores.2008.06.019
https://doi.org/10.1016/j.jvolgeores.2008.06.019
https://doi.org/10.1016/j.jvolgeores.2008.06.019
https://doi.org/10.17485/ijst/2009/v2i12.10
https://doi.org/10.17485/ijst/2009/v2i12.10
https://doi.org/10.1128/jb.62.3.293-300.1951
https://doi.org/10.1128/jb.62.3.293-300.1951

Peria-Blassi et al./ Revista Mexicana de Ingenieria Quimica Vol. 25, No. 1(2026) Bi026710

BiSkauskaite, R., Valeikiene, V. and Valeika,
V. (2021). Enzymes for leather processing:
Effect on pickling and chroming. Materials
14(6), 1480. https://doi.org/10.3390/
mald061480

Bosma, E.F., Koehorst, J.J., van Hijum, S.A.F.T,
Renckens, B., Vriesendorp, B. and van de
Weijer, A.H.P. (2016). Complete genome
sequence of thermophilic Bacillus smithii type
strain DSM 4216T. Standards in Genomic
Sciences 11,52. https://doi.org/10.1186/
s40793-016-0172-8

Briki, S., Hamdi, O. and Landoulsi, A. (2016).
Enzymatic dehairing of goat skins using
alkaline protease from Bacillus sp. SB12.
Protein Expression and Purification 121, 9-16.
https://doi.org/10.1016/j.pep.2015.
12.021

Casas, A.S., Armienta, M.A. and Ramos, S. (2016).
Sulfur speciation with high performance liquid
chromatography as a tool for El Chichén
volcano crater lake monitoring. Journal of South
American Earth Sciences 72, 241-249. https:
//doi.org/10.1016/j.jsames.2016.09.
001

China, C.R., Maguta, M.M., Nyandoro, S.S,
Hilonga, A., Kanth, S.V. and Njau, K.N. (2020).
Alternative tanning technologies and their
suitability in curbing environmental pollution
from the leather industry: A comprehensive
review. Chemosphere 254, 126804. https://
doi.org/10.1016/j.chemosphere.2020.
126804

Contesini, F.J., Melo, R.R. and Sato, H.H. (2018).
An overview of Bacillus proteases: From
production to application. Critical Reviews in
Biotechnology 38(3), 321-334. https://doi.
org/10.1080/07388551.2017.1354354

Contreras, U.A. and Salgado, E.J. (2012). Evaluacién
geologico-estructural del complejo volcanico
Chichonal, Chiapas, como fuente alterna de
energia. Geotermia 25(2), 3-20.

Cuoco, E., De Francesco, S. and Tedesco, D. (2013).
Hydrogeochemical dynamics affecting steam-
heated pools at El Chichén crater (Chiapas,
Mexico). Geofluids 13(3), 331-343. https://
doi.org/10.1111/g£1.12028

Ding, J.N., He, H., Zhang, C.G., Yu, Y.Z. and Qiu,
G.Z. (2008). Isolation and characterization of
YNTC-1, a novel Alicyclobacillus sendaiensis
strain. Journal of Central South University
of Technology 15(4), 508-514. https://doi.
org/10.1007/s11771-008-0096-6

dos Santos Aguilar, J.G., de Castro, RJ.S. and
Sato, H.H. (2019). Alkaline protease production
by Bacillus licheniformis LBA 46 in a bench
reactor: Effect of temperature and agitation.
Brazilian Journal of Chemical Engineering
36(2), 615-625. https://doi.org/10.
1590/0104-6632.20190362s20180014

Eijsink, V.G.H., Matthews, B.W. and Vriend, G.
(2011). The role of calcium ions in the stability
and instability of a thermolysin-like protease.
Protein Science 20(8), 1346-1355. https://
doi.org/10.1002/pro.670

Ellouz, Y., Bayoudh, A., Kammoun, S., Gharsallah,
N. and Nasri, M. (2001). Production of protease
by Bacillus subtilis grown on sardinelle heads
and viscera flour. Bioresource Technology 80(1),
49-51. https://doi.org/10.1016/S0960-
8524(01)00057-8

Fachrial, E., Krisdianilo, V., Lister, ILN.E.,
Nugroho, T.T. and Saryono (2021). Isolation,
characterization, activity test and molecular
identification ~ of  thermophilic  bacteria
producing proteases from Dolok Tinggi Raja
natural hot springs, North Sumatra, Indonesia.
Biodiversitas 22(4), 1725-1732. https://
doi.org/10.13057/biodiv/d220416

Gallo, G. and Aulitto, M. (2024). Advances
in extremophile research: Biotechnological
applications through isolation and identification
techniques. Life 14(9), 1205. https://doi.
org/10.3390/1ife14091205

Gao, M., Song, J., Zhang, X., Zhang, C., Peng, B.
and Chattha, S.A. (2023). Key mechanism of
enzymatic dehairing technology for leather-
making: Permeation behaviors of protease into
animal hide and the mechanism of charge
regulation. Collagen and Leather 5(1), 17.
https://doi.org/10.1186/s42825-023-
00117-7

Gemechu, G., Masi, C., Tafesse, M. and Kebede,
G. (2020). A review on the bacterial alkaline
proteases. Journal of Xidian University 14(11),
1-9. https://doi.org/10.37896/jxu14.11/022

George, N., Sondhi, S., Soni, S.K. and Gupta, N.
(2014). Lime and sulphide-free dehairing of
animal skin using collagenase-free alkaline
protease from Vibrio metschnikovii NG155.
Indian Journal of Microbiology 54(2), 139-—
142. https://doi.org/10.1007/s12088-
013-0434-8

WWW.Tmiq.org 13


https://doi.org/10.3390/ma14061480
https://doi.org/10.3390/ma14061480
https://doi.org/10.1186/s40793-016-0172-8
https://doi.org/10.1186/s40793-016-0172-8
https://doi.org/10.1016/j.pep.2015.12.021
https://doi.org/10.1016/j.pep.2015.12.021
https://doi.org/10.1016/j.jsames.2016.09.001
https://doi.org/10.1016/j.jsames.2016.09.001
https://doi.org/10.1016/j.jsames.2016.09.001
https://doi.org/10.1016/j.chemosphere.2020.126804
https://doi.org/10.1016/j.chemosphere.2020.126804
https://doi.org/10.1016/j.chemosphere.2020.126804
https://doi.org/10.1080/07388551.2017.1354354
https://doi.org/10.1080/07388551.2017.1354354
https://doi.org/10.1111/gfl.12028
https://doi.org/10.1111/gfl.12028
https://doi.org/10.1007/s11771-008-0096-6
https://doi.org/10.1007/s11771-008-0096-6
https://doi.org/10.1590/0104-6632.20190362s20180014
https://doi.org/10.1590/0104-6632.20190362s20180014
https://doi.org/10.1002/pro.670
https://doi.org/10.1002/pro.670
https://doi.org/10.1016/S0960-8524(01)00057-8
https://doi.org/10.1016/S0960-8524(01)00057-8
https://doi.org/10.13057/biodiv/d220416
https://doi.org/10.13057/biodiv/d220416
https://doi.org/10.3390/life14091205
https://doi.org/10.3390/life14091205
https://doi.org/10.1186/s42825-023-00117-7
https://doi.org/10.1186/s42825-023-00117-7
https://doi.org/10.1007/s12088-013-0434-8
https://doi.org/10.1007/s12088-013-0434-8

14

Peria-Blassi et al./ Revista Mexicana de Ingenieria Quimica Vol. 25, No. 1(2026) Bio26710

Gonzalez-Terreros, E., Ruiz-Valdiviezo, V.M.,
Galvan-Velazquez, A., Franco-Herndndez,
M.O., Luna-Guido, M. and Dendooven, L.
(2018). Heavy metals in mine-tailing soil
mixtures cultivated with Ricinus communis L.
Polish Journal of Environmental Studies 27(5),

2007-2022. https://doi.org/10.15244/
pjoes/78923
Gordon, A. (2017). Case study: Addressing

the problem of Alicyclobacillus in tropical
beverages. Food Safety and Quality Systems
in Developing Countries (Vol. 2), pp. 245-
276. https://doi.org/10.1016/B978-0-
12-801226-0.00009-8

Gupta, R., Beg, Q.K., Khan, S. and Chauhan,
B. (2002). An overview on fermentation,
downstream  processing and  properties
of microbial alkaline proteases. Applied
Microbiology and Biotechnology 60(4), 381-
395. https://doi.org/10.1007/s00253-002-1142-
1

Guta, M., Abebe, G., Bacha, K. and Cools,
P. (2024). Screening and characterization of
thermostable enzyme-producing bacteria from
selected hot springs of Ethiopia. Microbiology
Spectrum 12(3), e03710-23. https://doi.
org/10.1128/spectrum.03710-23

Hall, T.A. (1999). BioEdit: A user-friendly biological
sequence alignment editor and analysis
program for Windows 95/98/NT. Nucleic Acids
Symposium Series 41, 95-98.

Hashmi, S., Igbal, S., Ahmed, I. and Janjua,
H.A. (2022). Production, optimization, and
partial purification of alkali-thermotolerant
proteases from newly isolated Bacillus subtilis
S1 and Bacillus amyloliquefaciens KSM12.
Processes 10(6), 1050. https://doi.org/
10.3390/pr10061050

Harley, J.P., Prescott, L.M. and Klein, A.D. (2002a).
Proteins, amino acids, and enzymes [: Hydrogen
sulfide production and motility. In: Laboratory
exercises in microbiology, 5th ed., pp. 147-149.
McGraw-Hill, Boston, MA, USA.

Harley, J.P., Prescott, L.M. and Klein, A.D. (2002b).
Carbohydrates II: Triple sugar iron agar test. In:
Laboratory exercises in microbiology, 5th ed.,
pp- 133-136. McGraw-Hill, Boston, MA, USA.

Hasan, M.J., Haque, P. and Rahman, M.M.
(2022). Protease enzyme based cleaner leather
processing: A review. Journal of Cleaner
Production 132, 826. https://doi.org/10.
1016/j.jclepro.2022.132826

Hernandez-Teyssier, E.L., Mercado-Flores, Y. and
Téllez-Jurado, A. (2024). Application of
crude enzyme extracts produced in solid-state
fermentation by Trichoderma harzianum on
coffe waste for the hydrolysis of pretreated
waste. Revista Mexicana de Ingenieria Quimica

23 (3), Bi024269. https://doi.org/10.
24275/rmiq/Bio24269
Ismail, S.A., Nour, S.A., Nashy, E.S.H.A.

and Abdel-Fattah, A.M. (2025). Economic
production of eco-friendly dehairing keratinase
and antioxidant feather hydrolyzate using
Bacillus  halotolerans. Biomass Conversion
and Biorefinery 15(7), 10425-10439. https:
//doi.org/10.1007/s13399-024-05865-y

Igbal, 1., Aftab, M.N., Afzal, M.S., Zafar, A.
and Kaleem, A. (2020). Characterization
of Geobacillus stearothermophilus protease
for detergent industry. Revista Mexicana de
Ingenieria Quimica 19, 267-279. https://
doi.org/10.24275/rmiq/Biol1647

Igbal, 1., Aftab, M.N., Afzal, M., Ur-Rehman, A.,
Aftab, S., Zafar, A., Ud-Din, Z., Khuharo, A.R.,
Igbal, J. and Ul-Haq, I. (2015). Purification
and characterization of cloned alkaline protease
gene of Geobacillus stearothermophilus.
Journal of Basic Microbiology 55(2), 160-
171. https://doi.org/10.1002/jobm.
201400190

Igbalsyah, T.M., Malahayati, Atikah and Febriani
(2019). Purification and partial characterization
of a thermo-halostable protease produced
by Geobacillus sp. strain PLS A isolated
from undersea fumaroles. Journal of Taibah
University for Science 13(1), 850-857.
https://doi.org/10.1080/16583655.2019.1650489

Jacome Paz, M.P., Taran, Y., Inguaggiato, S. and
Collard, N. (2016). CO, flux and chemistry
of El Chich6n crater lake (Mexico) in the
period 2013-2015: Evidence for the enhanced
volcano activity. Geophysical Research Letters
43(1), 127-134. https://doi.org/10.
1002/2015GLO66354

Karray, A., Alonazi, M., Horchani, H. and Bacha,
A. Ben. (2021). A novel thermostable and
alkaline protease produced from Bacillus
stearothermophilus isolated from olive oil
mill soils suitable to industrial biotechnology.
Molecules 26(4), 1139. https://doi.org/
10.3390/molecules26041139

Kochhar, N., Kavya, LK., Shrivastava, S., Ghosh,
A., Rawat, V.S., Sodhi, K.K. and Kumar, M.
(2022). Perspectives on the microorganism of

WWW.rmiq.org


https://doi.org/10.15244/pjoes/78923
https://doi.org/10.15244/pjoes/78923
https://doi.org/10.1016/B978-0-12-801226-0.00009-8
https://doi.org/10.1016/B978-0-12-801226-0.00009-8
https://doi.org/10.1128/spectrum.03710-23
https://doi.org/10.1128/spectrum.03710-23
https://doi.org/10.3390/pr10061050
https://doi.org/10.3390/pr10061050
https://doi.org/10.1016/j.jclepro.2022.132826
https://doi.org/10.1016/j.jclepro.2022.132826
https://doi.org/10.24275/rmiq/Bio24269
https://doi.org/10.24275/rmiq/Bio24269
https://doi.org/10.1007/s13399-024-05865-y
https://doi.org/10.1007/s13399-024-05865-y
https://doi.org/10.24275/rmiq/Bio1647
https://doi.org/10.24275/rmiq/Bio1647
https://doi.org/10.1002/jobm.201400190
https://doi.org/10.1002/jobm.201400190
https://doi.org/10.1002/2015GL066354
https://doi.org/10.1002/2015GL066354
https://doi.org/10.3390/molecules26041139
https://doi.org/10.3390/molecules26041139

Peria-Blassi et al./ Revista Mexicana de Ingenieria Quimica Vol. 25, No. 1(2026) Bi026710

extreme environments and their applications.
Current Research in Microbial Sciences 3,
100134. https://doi.org/10.1016/j.
crmicr.2022.100134

Kochl, S., Niederstitter, H. and Parson, W. (2005).
DNA extraction and quantitation of forensic
samples using the phenol—chloroform method
and real-time PCR. In: Forensic DNA Typing
Protocols, Methods in Molecular Biology
(Vol. 297), pp. 13-30. Humana Press, Totowa,
NJ, USA. https://doi.org/10.1385/1-
59259-867-6:013

Kuberan, T., Sangaralingam, S. and Thirumalai,
V. (2010). Isolation and optimization of
protease producing bacteria from halophilic
environments. BioMed Research International
2010, 163-174.

Kumar, S., Stecher, G., Li, M., Knyaz, C. and
Tamura, K. (2018). MEGA X: Molecular
evolutionary genetics analysis across computing
platforms. Molecular Biology and Evolution
35(6), 1547-1549. https://doi.org/10.
1093 /molbev/msy096

Legrand, D., Perton, M., Lopez-Landa, V., Ramos,
S., Selvas, J.J., Alatorre-Ibargiiengoitia, M.,
Campion, R., Peiffer, L., Macias, J.L., Cisneros,
G., Valdéz, C. and De la Cruz-Reyna, S.
(2024). El Chichén volcanic activity before and
after the Mw8.2, 2017, Chiapas earthquake,
Mexico. Is El Chichén ready to erupt? Bulletin
of Volcanology 86(8), 86. https://doi.org/
10.1007/s00445-024-01758-0

Lopez-Trujillo, J., Mellado-Bosque, M., Ascacio-
Valdés, J.A., Prado-Barragén, L.A., Herndndez-
Herrera, J.A. and Aguilera-Carbd, A.F.
(2023). Temperature and pH optimization
for protease production fermented by
Yarrowia lipolytica from agro-industrial waste.
Fermentation 9, 819. https://doi.org/10.
3390/fermentation9090819

Majeed, T., Lee, C.C., Orts, W.J., Tabassum, R.,
Shah, T.A., Jardan, Y.A.B., Dawoud, T.M.
and Bourhia, M. (2024). Characterization of
a thermostable protease from Bacillus subtilis
BSP strain. BMC Biotechnology 24(1), 51.

Mirquez, S.L. and Blamey, J.M. (2019). Isolation
and partial characterization of a new moderate
thermophilic Albidovulum sp. SLM16 with
transaminase activity from Deception Island,
Antarctica. Biological Research 52(1), 5.
https://doi.org/10.1186/s40659-018-
0210-7

Masi, C., Gemechu, G. and Tafesse, M. (2021).
Isolation, screening, characterization, and
identification of alkaline protease-producing
bacteria from leather industry effluent. Annals
of Microbiology 71, 24. https://doi.org/
10.1186/s13213-021-01631-x

Meena, P., Singh, D., Motilal, Yadav, S. and
Usmani, N. (2024). Stability properties of
alkaline proteases sources at different optimum
conditions. Asian Journal of Microbiology,
Biotechnology and Environmental Sciences
26(2), 246-248. https://doi.org/10.
53550/AJMBES.2024.v26102.011

Milano, A., Manachini, P.L., Parini, C. and Riccardi,
G. (1994). Sequence of the gene encoding an
alkaline serine protease of thermophilic Bacillus
smithii. Gene 145(1), 149-150. https://doi.
org/10.1016/0378-1119(94)90340-9

Mohammad, B.T., Al Daghistani, H.I., Jaouani,
A., Abdel-Latif, S. and Kennes, C. (2017).
Isolation and characterization of thermophilic
bacteria from Jordanian hot springs: Bacillus
licheniformis and Thermomonas hydrothermalis
isolates as potential producers of thermostable
enzymes. International Journal of Microbiology
2017, 1. https://doi.org/10.1155/2017/
6943952

Mohan, S.K. (2009). Gram stain: Looking beyond
bacteria to find fungi in Gram-stained smear.
A laboratory guide for medical microbiology.
AuthorHouse, Bloomington, IN, USA.

Mothe, T. and Sultanpuram, V.R. (2016).
Production, purification and characterization
of a thermotolerant alkaline serine protease
from a novel species Bacillus caseinilyticus.
3 Biotech 6(1), 1-10. https://doi.org/10.
1007/s13205-016-0377-y

Mukhtar, H. (2008). Production of alkaline protease
by Bacillus subtilis and its application as a
depilating agent in leather processing. Pakistan
Journal of Botany 40(4), 1673—-1679.

Mugqarramah, M., Agustien, A. and Alamsjah,
F. (2023). Isolation, screening and partial
characterization of thermophilic bacteria
producing protease from Bukik Gadang hot
springs, Solok Regency. International Journal
of Progressive Sciences and Technologies 40(1),
101-107. https://doi.org/10.52155.

Nadeem, M., Igbal Qazi, J. and Baig, S. (2010).
Enhanced production of alkaline protease by
a mutant of Bacillus licheniformis N-2 for
dehairing. Brazilian Archives of Biology and

WWW.Tmiq.org 15


https://doi.org/10.1016/j.crmicr.2022.100134
https://doi.org/10.1016/j.crmicr.2022.100134
https://doi.org/10.1385/1-59259-867-6:013
https://doi.org/10.1385/1-59259-867-6:013
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1007/s00445-024-01758-0
https://doi.org/10.1007/s00445-024-01758-0
https://doi.org/10.3390/fermentation9090819
https://doi.org/10.3390/fermentation9090819
https://doi.org/10.1186/s40659-018-0210-7
https://doi.org/10.1186/s40659-018-0210-7
https://doi.org/10.1186/s13213-021-01631-x
https://doi.org/10.1186/s13213-021-01631-x
https://doi.org/10.53550/AJMBES.2024.v26i02.011
https://doi.org/10.53550/AJMBES.2024.v26i02.011
https://doi.org/10.1016/0378-1119(94)90340-9
https://doi.org/10.1016/0378-1119(94)90340-9
https://doi.org/10.1155/2017/6943952
https://doi.org/10.1155/2017/6943952
https://doi.org/10.1007/s13205-016-0377-y
https://doi.org/10.1007/s13205-016-0377-y
https://doi.org/10.52155

Peria-Blassi et al./ Revista Mexicana de Ingenieria Quimica Vol. 25, No. 1(2026) Bi026710

Technology 53(5), 1015-1025. https://doi.
org/10.1590/S1516-89132010000500003

Nachimuthu, S., Nehru, L. and Kathirvel, P. (2022).
Biological liquefaction and dehairing of tannery
hides using protease crude extract from Bacillus
safensis.  Biomedical and  Biotechnology
Research Journal 6(3), 326-336. https://
doi.org/10.4103/bbrj.bbrj_96_22

Nakamura, L.K., Blumenstock, I. and Dieter,
AN.D. (1998). Taxonomic study of Bacillus
coagulans Hammer 1915 with a proposal for
Bacillus smithii sp. nov. International Journal of
Systematic Bacteriology 38(1), 63-73. https:
//doi.org/10.1099/00207713-38-1-63

Ogino, H. and Ishikawa, H. (2001). Enzymes which
are stable in the presence of organic solvents.
Journal of Bioscience and Bioengineering
91(2), 109-116. https://doi.org/10.
1016/S1389-1723(01)80051-7

Ortega-Villar, R., Escalante, A., Astudillo-
Melgar, F., Lizdrraga-Mendiola, L., Vazquez-
Rodriguez, G.A., Hidalgo-Lara, M.E. and
Coronel-Olivares, C. (2024). Isolation and
characterization of thermophilic bacteria from
a hot spring in the state of Hidalgo, Mexico,
and geochemical analysis of the thermal water.
Microorganisms 12(6), 1066. https://doi.
org/10.3390/microorganisms12061066

Ortiz-Cortés, L.Y., Ventura-Canseco, L.M.C., Abud-
Archila, M., Ruiz-Valdiviezo, V.M., Veldzquez-
Rios, 1.O. and Alvarez-Gutiérrez, P.E. (2021).
Evaluation of temperature, pH and nutrient
conditions in bacterial growth and extracellular
hydrolytic activities of two Alicyclobacillus spp.
strains. Archives of Microbiology 203(7), 4557—
4570. https://doi.org/10.1007/s00203-
021-02332-4

Ovando-Ovando, C.I., Feregrino-Mondragén, R.D.,
Rincon-Rosales, R., Jasso-Chavez, R. and
Ruiz-Valdiviezo, V.M. (2023). Isolation and
identification of arsenic-resistant extremophilic
bacteria from the crater-lake volcano “El
Chichon”, Mexico. Current Microbiology
80(8), 253. https://doi.org/10.1007/s00284-023-
03327-8

Ovando-Chacén, S.L., Tacias-Pascacio, V.G.,
Ovando-Chacén, G.E., Rosales-Quintero, A.,
Rodriguez-Leon, A., Ruiz-Valdiviezo, V.M. and
Servin-Martinez, A. (2020). Characterization of
thermophilic microorganisms in the geothermal
water flow of El Chichdn volcano crater lake.
Water 12(8), 2172. https://doi.org/10.
3390/w12082172

Pravin, D., Sunil, B., Anjana, G. and Bhatt, S. (2014).
Isolation, characterization and investigation of
the industrial applications of thermostable and
solvent tolerant serine protease from hot spring
isolated thermophilic Bacillus licheniformis
Ul. International Journal of Applied Sciences
and Biotechnology 2(1), 75-82. https://doi.
org/10.3126/ijasbt.v211.9519

Pefia-Ocafia, B.A., Ovando-Ovando, C.I., Puente-
Sanchez, F., Tamames, J., Servin-Garcidueiias,
L.E., Gonzilez-Toril, E., et al. (2022).
Metagenomic and metabolic analyses of poly-
extreme microbiome from an active crater
volcano lake. Environmental Research 203,
111862. https://doi.org/10.1016/j.
envres.2021.111862

Pefia-Ocafia, B.A., Ovando-Ovando, C.I., Puente-
Sanchez, F., Tamames, J., Servin-Garcidueiias,
L.E., Gonzalez-Toril, E., Gutiérrez-Sarmiento,
W., Jasso-Chavez, R. and Ruiz-Valdiviezo, V.M.
(2022). Metagenomic and metabolic analyses
of poly-extreme microbiome from an active
crater volcano lake. Environmental Research
203, 111862. https://doi.org/10.1016/7.
envres.2021.111862

Ramalingam, K., Nandhi, P, Murugan, R.
and Venkatesan, R. (2022). Physical and
chemical characterization of alkaline protease
from Bacillus subtilis VBC7 using agro-
waste as substrate. Journal of Microbiology,
Biotechnology and Food Sciences 12(3), e5301.
https://doi.org/10.55251/jmbfs.5301

Ramirez-Olea, H., Reyes-Ballesteros, B. and
Chavez-Santoscoy, R.A. (2022). Potential
application of the probiotic  Bacillus
licheniformis as an adjuvant in the treatment of
diseases in humans and animals: A systematic
review. Frontiers in Microbiology 13, 993451.
https://doi.org/10.3389/fmich.2022.
993451

Razzaq, A., Shamsi, S., Ali, A., Ali, Q., Sajjad,
M., Malik, A. and Ashraf, M. (2019).
Microbial proteases applications. Frontiers
in Bioengineering and Biotechnology 7, 110.
https://doi.org/10.3389/fbioe.2019.
00110

Rincon-Molina, C.I., Hernindez-Garcia, J.A.,
Rincon-Rosales, R., Gutiérrez-Miceli, F.A.,
Ramirez-Villanueva, D.A., Gonzalez-Terreros,
E., Pefia-Ocafia, B.A., Palomeque-Dominguez,
H., Dendooven, L. and Ruiz-Valdiviezo, V.M.
(2019). Structure and diversity of the bacterial
communities in the acid and thermophilic crater
lake of the volcano “El Chich6n”, Mexico.

WWW.rmiq.org


https://doi.org/10.1590/S1516-89132010000500003
https://doi.org/10.1590/S1516-89132010000500003
https://doi.org/10.4103/bbrj.bbrj_96_22
https://doi.org/10.4103/bbrj.bbrj_96_22
https://doi.org/10.1099/00207713-38-1-63
https://doi.org/10.1099/00207713-38-1-63
https://doi.org/10.1016/S1389-1723(01)80051-7
https://doi.org/10.1016/S1389-1723(01)80051-7
https://doi.org/10.3390/microorganisms12061066
https://doi.org/10.3390/microorganisms12061066
https://doi.org/10.1007/s00203-021-02332-4
https://doi.org/10.1007/s00203-021-02332-4
https://doi.org/10.3390/w12082172
https://doi.org/10.3390/w12082172
https://doi.org/10.3126/ijasbt.v2i1.9519
https://doi.org/10.3126/ijasbt.v2i1.9519
https://doi.org/10.1016/j.envres.2021.111862
https://doi.org/10.1016/j.envres.2021.111862
https://doi.org/10.1016/j.envres.2021.111862
https://doi.org/10.1016/j.envres.2021.111862
https://doi.org/10.55251/jmbfs.5301
https://doi.org/10.3389/fmicb.2022.993451
https://doi.org/10.3389/fmicb.2022.993451
https://doi.org/10.3389/fbioe.2019.00110
https://doi.org/10.3389/fbioe.2019.00110

Peria-Blassi et al./ Revista Mexicana de Ingenieria Quimica Vol. 25, No. 1(2026) Bi026710

Geomicrobiology Journal 36(2), 97-109.
https://doi.org/10.1080/01490451.
2018.1509158

Rincén-Molina, C.I., Martinez-Romero, E., Ruiz-
Valdiviezo, V.M., Veldzquez, E., Ruiz-Lau,
N., Rogel-Herndndez, M.A., Villalobos-
Maldonado, J.J. and Rincon-Rosales, R. (2020).
Plant growth-promoting potential of bacteria
associated to pioneer plants from an active
volcanic site of Chiapas (Mexico). Applied Soil
Ecology 146, 103390. https://doi.org/10.
1016/j.aps0il.2019.103390

Roth, K., Rana, Y.S., Daeschel, D., Kovac,
J., Worobo, R. and Snyder, A.B. (2021).
Alicyclobacillus mali sp. nov., Alicyclobacillus
suci sp. nov. and Alicyclobacillus fructus sp.
nov., thermoacidophilic spore-forming bacteria
isolated from fruit beverages. International
Journal of Systematic and Evolutionary
Microbiology 71(9), 005016. https://doi.
org/10.1099/ijsem.0.005016

Rouwet, D., Taran, Y., Inguaggiato, S., Varley, N. and
Santiago, J.A. (2008). Hydrochemical dynamics
of the “lake—spring” system in the crater of El
Chichén volcano (Chiapas, Mexico). Journal of
Volcanology and Geothermal Research 178(2),
237-248. https://doi.org/10.1016/j.
jvolgeores.2008.06.026

Sabaria, E., Yasmin, Y., Ismail, Y.S., Bessania, M.A.,
Putri, 1. and Fitri, L. (2024). Characterization
of thermophilic bacteria from Ie Seum hot
springs, Aceh Besar, Indonesia as producers
of protease enzyme. Biodiversitas 25(5),
1867-1874. https://doi.org/10.13057/
biodiv/d250502

Saggu, S.K. and Mishra, PC. (2017).
Characterization of thermostable alkaline
proteases from Bacillus infantis SKS1
isolated from garden soil. PLoS One 12(11),
e0188724. https://doi.org/10.1371/
journal .pone.0188724

Saitou, N. and Nei, M. (1987). The neighbor-joining
method: A new method for reconstructing
phylogenetic trees. Molecular Biology and
Evolution 4(4), 406-425. https://doi.
org/10.1093/oxfordjournals.molbev.
a040454

Schultz, J., dos Santos, A., Patel, N. and Rosado,
A.S. (2023). Life on the edge: Bioprospecting
extremophiles for astrobiology. Journal of the
Indian Institute of Science 103(3), 721-737.
https://doi.org/10.1007/s41745-023-
00382-9

Shad, A.A., Ahmad, T., Igbal, M.F,, Asad, M.J,,
Nazir, S., Mahmood, R.T. and Wajeeha, A.W.
(2024). Production, partial purification and
characterization of protease through response
surface methodology by Bacillus subtilis K-5.
Brazilian Archives of Biology and Technology
67, €210355. https://doi.org/10.1590/
1678-4324-2024210355

Shakilanishi, S. and Shanthi, C. (2017). Specificity
studies on proteases for dehairing in leather
processing using decorin as model conjugated
protein. [International Journal of Biological
Macromolecules 103, 1069-1076. https://
doi.org/10.1016/j.ijbiomac.2017.05.
134

Singh Rawat, G., Mohabe, S., Nahar, B., Paliwal,
N. and Malviya, J. (2024). Exploring protease
enzymes from extremophiles: Novel solutions
for sustainable leather processing. International
Journal of Current Microbiology and Applied
Sciences 13(7), 281-310. https://doi.org/
10.20546/1ijcmas.2024.1307.028

Sivasubramanian, S., Manohar, B.M. and
Puvanakrishnan, R. (2008). Mechanism
of enzymatic dehairing of skins using a
bacterial alkaline protease. Chemosphere 70(6),
1025-1034. https://doi.org/10.1016/7.
chemosphere.2007.07.084

Smith, J.M. (2002). Cultural characteristics. In:
Microbiological — Applications  Laboratory
Manual in General Microbiology, 8th ed., pp.
157-160. McGraw-Hill, New York, NY, USA.

Solanki, P., Putatunda, C., Kumar, A., Bhatia, R.
and Walia, A. (2021). Microbial proteases:
ubiquitous enzymes with innumerable uses. 3
Biotech 11(10), 433. https://doi.org/10.
1007/s13205-021-02928-2z

Song, P, Zhang, X., Wang, S., Xu, W., Wang, F., Fu,
R. and Wei, F. (2023). Microbial proteases and
their applications. Frontiers in Microbiology
14, 1236368. https://doi.org/10.3389/
fmich.2023.1236368

Suleiman, A.D., Rahman, N.A., Yusof, H.M,,
Shariff, EM. and Yasid, N.A. (2020).
Effect of cultural conditions on protease
production by a thermophilic Geobacillus
thermoglucosidasius SKF4 isolated from
Sungai Klah hot spring park, Malaysia.
Molecules 25(11), 1-14. https://doi.org/
10.3390/molecules25112609

Taran, Y.A. and Peiffer, L. (2009). Hydrology,
hydrochemistry and geothermal potential of

WWW.rmiq.org 17


https://doi.org/10.1080/01490451.2018.1509158
https://doi.org/10.1080/01490451.2018.1509158
https://doi.org/10.1016/j.apsoil.2019.103390
https://doi.org/10.1016/j.apsoil.2019.103390
https://doi.org/10.1099/ijsem.0.005016
https://doi.org/10.1099/ijsem.0.005016
https://doi.org/10.1016/j.jvolgeores.2008.06.026
https://doi.org/10.1016/j.jvolgeores.2008.06.026
https://doi.org/10.13057/biodiv/d250502
https://doi.org/10.13057/biodiv/d250502
https://doi.org/10.1371/journal.pone.0188724
https://doi.org/10.1371/journal.pone.0188724
https://doi.org/10.1093/oxfordjournals.molbev.a040454
https://doi.org/10.1093/oxfordjournals.molbev.a040454
https://doi.org/10.1093/oxfordjournals.molbev.a040454
https://doi.org/10.1007/s41745-023-00382-9
https://doi.org/10.1007/s41745-023-00382-9
https://doi.org/10.1590/1678-4324-2024210355
https://doi.org/10.1590/1678-4324-2024210355
https://doi.org/10.1016/j.ijbiomac.2017.05.134
https://doi.org/10.1016/j.ijbiomac.2017.05.134
https://doi.org/10.1016/j.ijbiomac.2017.05.134
https://doi.org/10.20546/ijcmas.2024.1307.028
https://doi.org/10.20546/ijcmas.2024.1307.028
https://doi.org/10.1016/j.chemosphere.2007.07.084
https://doi.org/10.1016/j.chemosphere.2007.07.084
https://doi.org/10.1007/s13205-021-02928-z
https://doi.org/10.1007/s13205-021-02928-z
https://doi.org/10.3389/fmicb.2023.1236368
https://doi.org/10.3389/fmicb.2023.1236368
https://doi.org/10.3390/molecules25112609
https://doi.org/10.3390/molecules25112609

18

Peria-Blassi et al./ Revista Mexicana de Ingenieria Quimica Vol. 25, No. 1(2026) Bi026710

El Chichén volcano-hydrothermal system,
Mexico. Geothermics 38(4), 370-378. https:
//doi.org/10.1016/j.geothermics.
2009.09.002

Temsaah, H.R., Azmy, A.F., Raslan, M., Ahmed,
A.E. and Hozayen, W.G. (2018). Isolation
and characterization of thermophilic enzyme-
producing  microorganisms for  potential
therapeutic and industrial use. Journal of Pure
and Applied Microbiology 12(4), 1687-1702.
https://doi.org/10.22207/IJPAM.12.4.
02

Tennalli, G.B., Garawadmath, S., Sequeira, L.,
Murudi, S., Patil, V., Divate, M.N. and
Hungund, B.S. (2022). Media optimization
for the production of alkaline protease by
Bacillus cereus PW3A using response surface
methodology. Journal of Applied Biology and
Biotechnology 10(4), 17-26. https://doi.
org/10.7324/JABB.2022.100403

Thebti, W., Riahi, Y. and Belhadj, O. (2016).
Purification and characterization of a new
thermostable, haloalkaline, solvent-stable, and
detergent-compatible serine protease from
Geobacillus toebii strain LBT 77. BioMed
Research International 2016, 9178962. https:
//doi.org/10.1155/2016/9178962

Uddin, M.E., Sheikh, M.R., Asaduzzaman, M.,
Ahmed, S., Kundu, S.K. and Sina, A.A.L
(2025). Identification and characterization of
a protease-producing Bacillus cereus strain
from tannery waste for efficient dehairing
of goat skin. BioMed Research International
2025, 7639181. https://doi.org/10.1155/
bmri/7639181

Ullah, I., Khan, M.S., Khan, S.S., Ahmad, W., Zheng,
L. and Shah, S.U.A. (2021). Identification
and characterization of thermophilic amylase-
producing bacterial isolates from the brick kiln
soil. Saudi Journal of Biological Sciences 28(1),
970-979. https://doi.org/10.1016/j.
sjbs.2020.11.003

Ullah, N., Rehman, M.U., Sarwar, A., Nadeem,
M., Nelofer, R. and Shakir, H.A. (2022).
Purification, characterization, and application
of alkaline protease enzyme from a locally
isolated Bacillus cereus strain. Fermentation
8(11), 628. https://doi.org/10.3390/
fermentation8110628

Veith, B., Herzberg, C., Steckel, S., Feesche,
J., Maurer, K.H. and Ehrenreich, P. (2004).
The complete genome sequence of Bacillus
licheniformis DSM13, an organism with great

industrial potential. Journal of Molecular
Microbiology and Biotechnology 7(4),204-211.
https://doi.org/10.1159/000079829

Velazquez-Rios, 1.O., Rincén-Rosales, R., Gutiérrez-
Miceli, F.A., Alcantara-Herniandez, R.J. and
Ruiz-Valdiviezo, V.M. (2022). Prokaryotic
diversity across a pH gradient in the “El
Chichon” crater-lake: A naturally thermo-acidic
environment. Extremophiles 26, 8. https:

//doi.org/10.1007/s00792-022-01257-0

Veldzquez-Rios, 1.O., Rincén-Rosales, R., Gutiérrez-
Miceli, FA., Alcantara-Hernandez, R.J. and
Ruiz-Valdiviezo, V.M. (2022). Prokaryotic
diversity across a pH gradient in the “El
Chichén” crater lake: A naturally thermo-acidic
environment. Extremophiles 26(1), 5. https:
//doi.org/10.1007/s00792-022-01257-0

Veloorvalappil, N., Jishna, B., Smitha, R., Pradeep,
S., Sreedevi, S.N. and Unni, K. (2013).
Versatility of microbial proteases. Advances in
Enzyme Research 1(3), 39-51. https://doi.
org/10.4236/aer.2013.13005

Verma, J.P., Jaiswal, D.K., Krishna, R., Prakash, S.,
Yadav, J. and Singh, V. (2018). Characterization
and screening of thermophilic Bacillus strains
for developing plant growth promoting
consortium from hot spring of Leh and Ladakh
region of India. Frontiers in Microbiology 9,
1293. https://doi.org/10.3389/fmich.
2018.01293

Wang, L.T., Lee, FL., Tai, J.C. and Kasai, H.
(2007). Comparison of gyrB gene sequences,
16S rRNA gene sequences and DNA-DNA
hybridization in the Bacillus subtilis group.
International Journal of Systematic and
Evolutionary Microbiology 57(8), 1846—-1850.
https://doi.org/10.1099/ijs.0.64685-
0

Weisburg, W.G., Barns, S.M., Pelletier, D.A.
and Lane, D.J. (1991). 16S ribosomal DNA
amplification for phylogenetic study. Journal of
Bacteriology 173(2), 697-703. https://doi.
org/10.1128/jb.173.2.697-703.1991

Yilmaz, B., Baltaci, M.O., Sisecioglu, M. and
Adiguzel, A. (2016). Thermotolerant alkaline
protease enzyme from Bacillus licheniformis
A10: Purification, characterization, effects of
surfactants and organic solvents. Journal of
Enzyme Inhibition and Medicinal Chemistry
31(6), 1241-1247. https://doi.org/10.
3109/14756366.2015.1118687

Zhang, X., Shuai, Y., Tao, H., Li, C. and He,
L. (2021). Novel method for the quantitative

WWW.rmiq.org


https://doi.org/10.1016/j.geothermics.2009.09.002
https://doi.org/10.1016/j.geothermics.2009.09.002
https://doi.org/10.1016/j.geothermics.2009.09.002
https://doi.org/10.22207/JPAM.12.4.02
https://doi.org/10.22207/JPAM.12.4.02
https://doi.org/10.7324/JABB.2022.100403
https://doi.org/10.7324/JABB.2022.100403
https://doi.org/10.1155/2016/9178962
https://doi.org/10.1155/2016/9178962
https://doi.org/10.1155/bmri/7639181
https://doi.org/10.1155/bmri/7639181
https://doi.org/10.1016/j.sjbs.2020.11.003
https://doi.org/10.1016/j.sjbs.2020.11.003
https://doi.org/10.3390/fermentation8110628
https://doi.org/10.3390/fermentation8110628
https://doi.org/10.1159/000079829
https://doi.org/10.1007/s00792-022-01257-0
https://doi.org/10.1007/s00792-022-01257-0
https://doi.org/10.1007/s00792-022-01257-0
https://doi.org/10.1007/s00792-022-01257-0
https://doi.org/10.4236/aer.2013.13005
https://doi.org/10.4236/aer.2013.13005
https://doi.org/10.3389/fmicb.2018.01293
https://doi.org/10.3389/fmicb.2018.01293
https://doi.org/10.1099/ijs.0.64685-0
https://doi.org/10.1099/ijs.0.64685-0
https://doi.org/10.1128/jb.173.2.697-703.1991
https://doi.org/10.1128/jb.173.2.697-703.1991
https://doi.org/10.3109/14756366.2015.1118687
https://doi.org/10.3109/14756366.2015.1118687

Peria-Blassi et al./ Revista Mexicana de Ingenieria Quimica Vol. 25, No. 1(2026) Bi026710

analysis of protease activity: The casein plate 3675-3680. https://doi.org/10.1021/
method and its applications. ACS Omega 6(5), acsomega.0c05889

WWW.rmiq.org 19


https://doi.org/10.1021/acsomega.0c05889
https://doi.org/10.1021/acsomega.0c05889

	Introduction
	Materials and methods
	Sampling site and sample collection
	Physicochemical analysis of geothermal water samples
	Isolation of thermophilic bacteria
	Detection of protease-producing bacterial isolates
	Molecular identification of isolates
	Morphological characterization
	Biochemical characterization and assessment of enzymatic production
	Quantification of extracellular proteolytic activity
	Biochemical properties of the crude protease
	Application of crude protease extract in goat skin dehairing

	Results and discussion
	Physicochemical characterization of geothermal water samples
	Isolation of thermophilic bacteria
	Screening and detection of thermophilic bacteria producing proteases
	Molecular identification
	Morphological and biochemical characterization of thermophilic isolates
	Quantification of extracellular proteolytic activity
	Biochemical properties of the crude protease
	Dehairing capacity of crude protease from Bacillus smithii AP67


