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Abstract. As one of the most polluting industrial sectors, tanneries are notorious
for producing enormous volumes of solid and liquid waste without adequate man-
agement or disposal. Due to the usage of several chemicals and the discharge of
numerous harmful elements, the leather industry seriously pollutes the environ-
ment. Hence, it has been crucial to identify microorganisms that actively produce
protease enzymes and investigate their potential use in the leather processing in-
dustry. In this study, a dehairing proteolytic bacterium was isolated and charac-
terized for its potential application in eco-friendly leather processing. Among six
isolated protease-active bacterial strains, isolate 20-1 exhibited robust proteolytic
activities, and enzymatic production was optimized under submerged fermenta-
tion, yielding a maximum protease activity of 753.1 U/mL at 48 to 72 h of incu-
bation. The crude enzyme extract demonstrated high thermostability (up to 55
°C) and maintained activity across a broad pH range (4-12). Isolate 20-1 was
further confirmed using 16s tDNA sequencing and has 100% sequence identity
to Bacillus atrophaeus. A laboratory dehairing experiment showed that enzy-
matic dehairing using Bacillus atrophaeus 20-1 was effective in degrading hair
proteins without damaging the collagen matrix and significantly reducing chem-
ical usage (p< 0.05). These results suggest that Bacillus atrophaeus 20-1 has
promising industrial applicability as a sustainable alternative to conventional
dehairing agents, offering a practical and environmentally friendly approach to
leather processing.

Keywords: protease enzymes, leather production, eco-friendly, proteolytic bac-
teria, enzymatic dehairing

1 Introduction

Leather manufacturing, a critical component of agro-industrial activity, remains a sig-
nificant source of persistent solid waste in many developing countries. The process en-
compasses a range of physical and chemical treatments, such as soaking, dehairing,
bathing, and tanning [1]. Traditionally, industry relies on energy and water-intensive
production techniques that also result in the release of substantial quantities of hazard-
ous chemicals into the environment [2; 3]. Conventional hair removal methods use var-
ious chemical depilatory agents, including sodium sulfide, sodium bisulfide, lime, and
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calcium chloride during processing stages, which are widely regarded as the most en-
vironmentally damaging [4]. For these reasons, the implementation of environmentally
sustainable substitutes for traditional leather processing techniques has become increas-
ingly imperative due to the ecological and health-related issues associated with conven-
tional methodologies. In this context, microbial proteases have emerged as promising,
eco-friendly alternatives to chemical-based treatments, offering both efficiency and re-
duced ecological impact [5; 6].

Enzymatic dehairing, which is the most cost-effective and environmentally
friendly process, offers significant potential for producing high-quality leather [7]. Fur-
thermore, the nonspecific effect and inefficiency in eliminating tiny hairs harm the col-
lagen grain layer [8]. Moreover, microbial proteases offer advantages over other dehair-
ing methods, including improved scalability, effectiveness, and reduced pollution [9].
The phenomenon has sparked interest in the potential of enzyme-producing microbes,
as they produce a wide range of proteases used commercially to aid in the breakdown
of proteins for various purposes [10; 11].

Up to 60% of the enzyme market comprises valuable commercial proteases with
both biotechnological and industrial applications; however, most industrial demands
cannot be met by the proteases currently available on the market [12]. Alkaline prote-
ases have a variety of biotechnological applications, including skin dehairing, feather
degradation, stain removal, food processing, silk degumming, and sericin breakdown
[11]. Furthermore, alkaline protease can be employed as a substitute for sulfide. The
alkaline conditions that promote the enlargement of hair roots and subsequently enable
the action of protease on the hair follicle protein facilitate effective hair removal [13;
14]. Currently, a variety of extracellular proteases have been reported and characterized
from diverse microorganisms, including fungi such as Paecilomyces marquandii and
bacteria like Bacillus subtilis, Lactobacillus curvatus, Nocardiopsis dassonvillei, and
Streptomyces koyangensis [1].

Particularly, Bacillus strains are widely recognized for their ability to produce al-
kaline protease [4]. In previous studies, Bacillus species, particularly Bacillus subtilis,
have been extensively studied for their production of alkaline serine proteases. These
enzymes are crucial in leather processing, particularly in environmentally friendly skin
dehairing, and provide a sustainable alternative to traditional chemical methods by min-
imizing environmental impact and enhancing processing efficiency. For instance, Khan
(2023) reported that the alkaline serine protease from B. subtilis ZMS-2 was evaluated
as a bathing agent in leather processing, demonstrating effective dehairing capabilities
without damaging the skin [15]. Additionally, an extracellular alkaline serine protease,
named dehairing alkaline protease, produced by B. pumilus, exhibited a significant
dehairing function, highlighting its potential in leather industry applications [16]. There
is growing interest in developing innovative smart strategies for efficient and selective
dehairing agents that can effectively break down hair and other proteins while preserv-
ing skin characteristics [17].

However, studies conducted on alkaline protease-producing bacteria isolated from
Mongolian sources are scarce, and no evident reports exist regarding the application of
alkaline proteases in the leather industry. With the growing emphasis on making indus-
trial activities environmentally sustainable, this research aims to isolate, characterize,



Study of Enzyme-Active Bacteria Potentially Usable in Leather ... 309

and optimize protease-active bacterial strains from the local environment of Mongolia
that have significant potential for dehairing.

2 Materials and methods

2.1 Materials

Sheep skins freshly brought from the slaughterhouse were used for dehairing experi-
ments. Casein and skim milk powder were purchased from Thermo Fisher (USA), and
Folin & Ciocalteu’s reagent was purchased from Sigma Aldrich (Germany). All other
chemicals used were of analytical grade.

2.2 Sample collection and isolation of protease-active bacterial strain

Samples of possible proteinaceous waste, containing soil, water, and chicken feces,
were systematically collected from various geographic locations within Ulaanbaatar
city, as well as Zavkhan and Khentii provinces in Mongolia. Soil specimens were drawn
from a depth of 3-4 cm and placed in sterile plastic receptacles, while water specimens
were procured in 50 ml sterile tubes. All collected specimens were rapidly forwarded
to the Laboratory of Microbial Synthesis at the Mongolian Academy of Sciences for
detailed assessment and were preserved at -80 °C.

To isolate protease-active bacterial strains, diluted samples were cultivated on
modified nutrient agar (NA) enriched with 1% skim milk powder at 37 °C for 24 h,
specifically for hydrolysis zone experimentation. Following the incubation period, iso-
lates that developed transparent zones around the colonies and exhibited distinct mor-
phological characteristics were selected as protease-producing strains. These isolations
were then subcultured on Nutrient agar plates until pure cultures were achieved [18].

Morphology and biochemical characterization: To determine further studies, se-
lected isolates identified as protease-producing bacteria during the initial screening
were inoculated using the pour plate technique on NA medium. The plates were exam-
ined for colony morphology after incubation at 37 °C for 24 h. Gram staining was per-
formed according to Masi (2021) for morphological characterization, with slight mod-
ification. The motility test was performed to assess the ability of bacterial movement
[19].

To study the biochemical characteristics of the isolates, the following tests were
performed: catalase test, oxidase test, citrate utilization test, methyl red test, gelatin
hydrolysis test, indole-motility test, and starch hydrolysis test [20].

2.3 Molecular identification of protease-producing isolates

Bacterial cultures were incubated in Nutrient broth medium at 37 °C, and biomass was
collected after 24 h of incubation, which was further subjected to genomic DNA isola-
tion. For the taxonomic determination, the 16S rRNA gene was amplified by universal
primers 27F forward: 5'-ACA GTT TGA TCC TGG CTC AG-3' and 1492R reverse:
5'-CGG TTA CCT TGT TAC GAC TT -3'. The PCR mix was prepared with 10x buffer,
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1.5 mM MgCl2, 0.2 mM dNTP, 0.4 uM of both primers, and 2.5 IU Taq DNA poly-
merase (Roche Faststart). dH>O was added until the total reaction volume reached 30
pL [21; 22].

Amplification of DNA was carried out using Yooning PCR Thermal Cycler under
the following conditions: denaturation at 94 °C for 5 min, followed by 30 cycles of 94
°C for 1 min, 55 °C for 1 min, 72 °C for 2 min, and final extension at 72 °C for 5 min.
Amplified PCR products were visualized using 1.5% agarose gel electrophoresis, and
the nucleotide sequence was determined by Beijing Tsingke Biotechnology Company.
Sequence similarity with databases was performed using NCBI BLAST
(http://blast.ncbi.nlm.nih.gov), and MEGA X and Snapgene programs were used for
nucleotide alignment and phylogenetic analysis. Sequences that showed 99% similarity
to previously registered sequences were considered indicative of the same species [22].

2.4 Determination of protease enzyme activity

The protease enzyme activity was determined by the Takami (1989) method with some
modifications [23]. The method was based on measuring the release of tyrosine when
casein acts as a substrate. One unit of protease enzyme activity (U/mL) was determined
by the amount of enzyme required to liberate 1pg of tyrosine per minute under the
specified assay conditions. A standard curve was made using the standard solution of
L-tyrosine amino acid. The standard solutions were prepared at concentrations of 0.2,
0.4,0.6, 0.8, and 1.1 mL, and deionized water (dH>O) was added until the final volume
reached 5 mL. Subsequently, 2.5 mL Na,COj3 and 0.5 mL Folin and Ciocalteu’s reagent
were added to the standard solution, and the mixture was incubated at 37 °C for 30 min,
followed by absorbance measurement at 660 nm. The supernatant that remained after
the cell biomass was removed through centrifugation for 5 min at 4 °C served as the
crude enzyme.

To assess the protease activity of the isolates, 500 mL of crude enzyme and 2.5 mL
of 1% casein solution, diluted in 50 mM Tris-HCI buffer (pH 8.0), were combined and
incubated at 37 °C for 10 min. The reaction was stopped by the addition of 3 mL of 5
% trichloroacetic acid (TCA). Later, 2.5 mL of Na>COj3 and 0.5 mL of Folin and Cio-
calteu’s reagent were added to the reaction mixture and incubated at 37 °C for 30 min,
followed by absorbance measurement at 660 nm [24].

2.6 Determination of bacterial optimal growth parameters

To investigate the optimal conditions for growth, bacterial strains were cultivated at
various temperatures, pH, and NaCl concentrations. Initially, the bacterial strains were
incubated in Nutrient Broth (NB) media at 37 °C for 24 h. After the cultivation, each
bacterial cell suspension was added to 10 ml of fresh broth medium and then incubated
under various conditions. To determine the optimal growth temperature, the isolates
were incubated at 25 °C, 37 °C, 45 °C, and 55 °C, respectively. NB medium with a pH
range of 2 to 10 was used for the optimum pH assay. To evaluate the effect of NaCl on
bacterial growth, NaCl concentrations ranging from 5% to 20% were added to the NB
medium. The NB medium, containing different concentrations of NaCl and previously
adjusted to pH, was mixed with the bacterial cell suspension and incubated at 37 °C for
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72 h. The spectrophotometer was used to measure the absorbance at 600 nm to estimate
cell density at 24, 48, and 72 h for each assay [19].

2.7 Optimizing parameters influencing protease production
2.7.1 Effect of temperature on protease activity

The thermal effect on protease enzyme activity was determined by adding a crude en-
zyme to a 0.5% casein solution diluted in 50 mM Tris-HCI (pH 8.0) buffer and incu-
bating the mixture at 25 °C, 37 °C, 45 °C, and 55 °C for 1 h. The remaining enzyme
activity was determined using the protease enzyme activity assay [25].

2.7.2 Effect of pH on enzyme protease activity

The effect of different pH on protease enzyme activity was determined by adding a
crude enzyme to a 0.5% casein solution diluted in 50 mM Tris-HCI (pH 8.0) buffer,
with pH values ranging from 4 to 12 adjusted using HCl and NaOH, and incubated at
37 °C for 1 h. The remaining enzyme activity was determined using the protease en-
zyme activity assay [26].

2.7.3 Effect of metal salts on enzyme protease activity

Magnesium chloride (MgClz), calcium chloride (CaClz), manganese (II) chloride
(MnCl2), potassium chloride (KCl), ferrous chloride (FeClz), and cobalt (II) chloride
(CoClz) were used at 5 mM concentrations to assess their effect on enzyme activity.
Metal salts were suspended in 50 mM Tris-HCI (pH 8.0) buffer, mixed with crude en-
zyme, and incubated at 37 °C for 1 h. The remaining enzyme activity was determined
using the protease enzyme activity assay. Control reactions were conducted using mix-
tures that did not include crude enzyme extract [25; 26].

2.7.4 Dehairing experiment

Sheepskin was procured directly from a local slaughterhouse, washed with a 0.5% de-
tergent solution, and soaked three times in tap water to remove blood, dust, and other
potential contaminants. The skin was cut into square pieces measuring 5 cm x 5 cm,
appropriate for laboratory-scale dehairing experiments. Bacterial cultures that can pro-
duce protease were incubated in an alkaline production medium at 37 °C for 72 h to
enable crude enzyme extraction, followed by centrifugation at 8000 rpm for 10 min.
The resulting culture supernatant was utilized as a crude enzyme. The pre-prepared
sheep skin was immersed in the crude enzyme solution and incubated at 37 °C for 72 h
at a shaking speed of 120 rpm, with checks conducted at 24 h intervals, and then gently
scrubbed by hand. The skin quality was assessed visually [27]. As the protease enzyme
activity of the selected bacterial culture remained stable at pH values ranging from 4 to
12, we modified the medium's pH to between 7 and 8 for the experiment.

2.8 Statistical analysis
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Data are presented as means + standard deviation (SD) of triplicate values. The
Statistical Package for Social Sciences (SPSS, Version 21.0, SPSS Inc., Chicago, IL,
USA) was used to conduct the statistical analyses. The findings were assessed through
a one-way analysis of variance (ANOVA), followed by Duncan's multiple range test
and Student’s t-test at p< 0.05.

3 Results and discussion

3.1 Screening of bacteria isolates for potential protease production

The initial screening results for protease-producing bacterial isolates are shown in Fig-
ure 1. All 47 bacterial isolates, collected from 26 geographically distinct sampling sites,
were evaluated for their proteolytic potential on skim milk agar. After a 24 h incubation
period, clear zones indicating casein hydrolysis were observed, with diameters ranging
from 6.00 mm to 8.66 mm. Based on the size of the clearance zones, six isolates desig-
nated as 20-1, 20-2, 24-3, 34-1, 40-4, and W2B4 demonstrated the highest levels of
proteolytic activity and were selected for morphological and biochemical tests.

T

20-1 20-2 24-3 34-1 40-4

Fig. 1. Hydrolysis zone experiment of selected 6 bacterial strains

3.2 Morphology and biochemical characterization

The six selected bacterial isolates, namely 20-1, 20-2, 24-3, 34-1, 40-4, and W2B4,
were grown on nutrient agar (NA) medium to assess their morphological characteris-
tics, as detailed in Table 1. All isolates exhibited rod-shaped morphology. Isolates 20-
2,40-4, and W2B4 formed white colonies, while isolate 34-1 produced smooth, yellow
colonies. Gram staining revealed that five isolates were Gram-positive, whereas iso-
lated W2B4 was Gram-negative.

All six isolates tested negative for oxidase, catalase, and indole production. Isolates
20-1 and 40-4 demonstrated the ability to hydrolyze both gelatin and starch, while iso-
late 24-3 was capable of hydrolyzing gelatin only. Isolates 20-2, 24-3, 34-1, and W2B4
tested positive for the methyl red test. In the citrate utilization test, isolates 20-2, 24-3,
34-1, and 40-4 showed positive results. Additionally, all six isolates tested positive for
the catalase test.
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Table 1. Morphological and Biochemical characteristics of selected isolates

Morphological characterization

Isolated strains

20-1 20-2 24-3 34-1 40-4 W2B4
Gram's staining positive positive positive  positive positive negative
Morphology rod rod rod rod rod rod
Motility negative positive  positive  positive negative  positive
Color oft-white cream white yellow white white
Whole colony irregular irregular  circular  circular irregular  circular
Elevation raised flat convex convex convex flat
Margin lobate undulate  entire entire lobate entire

concen- concen-

Colony surface concentric tric smooth smooth tric smooth

Biochemical characterization

Gelatin hydrolysis  positive negative  positive  positive positive negative
Starch hydrolysis  positive negative  negative negative  positive negative
Indole production  negative negative  negative negative  negative  negative
Methyl red negative positive positive  positive negative  positive
Citrate utilization — negative positive positive  positive positive negative
Urease test negative negative  negative negative  negative  negative
Oxidase negative negative  negative negative  negative  negative
Catalase positive positive  positive  positive  positive positive

Sulfide-indole motility medium was used to evaluate motility and indole production.
Isolate 24-3 demonstrated complete motility, dispersing throughout the medium, while
the other isolates showed limited movement, remaining near the inoculation site. Sim-
ilarly, another study reported the same results on the identification and biochemical
characterization of a protease-producing Bacillus strain, examining its catalase and ox-
idase activities, indole production, and enzyme hydrolysis capabilities [19; 24].

3.3 Determination of protease activity

The comparative results of the proteolytic activities, which highlight variances among
the strains tested, are depicted in Figure 2. This enrichment was aimed at optimizing
the conditions for protease production, as casein is a known substrate that promotes the
synthesis of proteolytic enzymes due to its rich protein content. Among the six isolates
tested, isolate 20-1 exhibited the highest proteolytic activity. This activity was signifi-
cantly greater than that observed in the other five isolates, with a statistical significance
of p< 0.05, whereas isolate W2B4 demonstrated the lowest proteolytic activity. The
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markedly elevated proteolytic capacity of isolate 20-1 indicates that it possesses supe-
rior enzymatic efficiency for protein degradation compared to its counterparts under
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Fig. 2. Estimation of protease activity of bacterial strains

The protease activity was quantitatively assessed by measuring the synthesis of L-
tyrosine, a product resulting from the hydrolysis of casein by proteases [24]. The level
of L-tyrosine produced serves as an indirect indicator of protease activity, allowing for
comparison across different strains.

3.4 Identification by 16S rRNA gene sequencing analysis and phylogenetic
analysis

The molecular biological identification of all six isolates that produce proteases using
the 16S rRNA gene fragment is shown in Table 2. The results of the 16S rDNA se-
quencing analysis indicate that the most prominent protease-producing strain, named
20-1, exhibited high levels of sequence similarity (100%) with Bacillus atrophaeus and
other Bacillus subspecies and was directly submitted to GenBank under the following
accession number PQ569137.

Table 2. Determination of sequence similarity between bacterial isolates and the NCBI GenBank
database

Isolafed Nearest homologue species Genbank accession Similarity
strain number
20-2 Bacillus pumilus PP747938.1 100%
20-1 Bacillus atrophaeus B5CR MF620084.1 100%
40-4 Bacillus subtilis 0Q504756.1 100%
W2B4 Pseudomonas peli KU921574 99.9%
24-3 Bacillus pumilus MF062609 100%
34-1 Bacillus pumilus 104/B5/ MF062609 100%

Using the neighbor-joining method, MEGA-X software was able to infer the phyloge-
netic relationship and from 1000 replicates, bootstrap values were computed.
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Fig. 3. Phylogenetic tree based on 16S rDNA sequences of isolated species.
3.5 Determination of optimal growth parameters

To identify the optimal growth parameters for the newly isolated bacterial strain, we
adjusted various factors, including temperature, pH levels, and NaCl concentrations in
the liquid media, as shown in Figures 4A and 4B. For Bacillus atrophaeus (PQ569137),
a growing temperature of 25 °C resulted in the highest cell density, while 45°C resulted
in the lowest. The greatest cell proliferation was observed at pH 7. The influence of
various incubation temperatures on their proliferation is shown in the Figure. 4. This
indicates that this strain's active phase of protease enzyme synthesis may also occur
around the 48 h growth period.

Additionally, Bacillus atrophaeus is recognized for its robust sporulation ability
and resistance to harsh environmental conditions, which is why it is commonly
employed as an indicator organism in sterilization processes [28]. Other researchers
have reported that for the Bacillus pumilus D3 strain, which synthesizes extracellular
protease enzymes and was isolated from hydrocarbon-contaminated soil, the optimal
cultivation conditions were 35 °C and pH 11 over 48 h [29]. In another study, the
optimal growth temperature of the Bacillus pumilus M27 strain isolated from seawater
was investigated in relation to temperature and its enzymatic activity. Although the
strain could grow within a temperature range of 10—50 °C, it was found that increasing
the temperature led to restricted bacterial growth [30].

The impact of varying NaCl concentrations on bacterial growth is illustrated in
Figure 5. During the incubation of bacteria in a NaCl-containing liquid medium, the
highest cell growth was observed at 5 % NaCl. However, bacterial growth was effec-
tively restricted at concentrations of 10 % and above. Consequently, it appears that the
use of solutions containing bacterial strains for dehairing leather should be avoided
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when sodium chloride concentrations exceed 5%, as higher concentrations may nega-
tively impact the preservation of raw materials.

The experimental results indicated that the isolated bacterial strains did not exhibit
growth within the pH range of 2 to 4, while cell numbers increased between pH 5 and
11 (data not shown). Bacillus atrophaeus (PQ569137) demonstrated the ability to grow
in alkaline conditions up to pH 12. Similarly, in a previous study, experiments aimed
at determining the optimal growth temperature revealed that most researchers cultured
bacterial strains producing alkaline protease enzymes under alkaline conditions (pH 9
and above) at high temperatures, typically for 72 to 96 h, to enhance enzyme synthesis.
The study revealed that when the Bacillus strain Mar64 was cultured at a pH of 9, en-
zyme activity increased by 1.8-fold, and at a temperature of 45 °C, it rose by 2.5-fold
[17]. In a separate study that identified protease-active bacteria from the sludge waste
of an Ethiopian leather industry, the Bacillus subtilis PMOJ-05 strain demonstrated the
highest cell growth at a pH of 7 [24]. By determining the optimal environmental con-
ditions, such as temperature and pH, for the stable growth of each bacterial strain, it
becomes possible to estimate when enzyme activity is at its peak. This knowledge fa-
cilitates the development of these strains into preparations for potential applications in
the leather industry.
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Fig. 4. Effect of temperature on growth of Bacillus atrophaeus (PQ569137)
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Fig.5. Effect of NaCl on growth of Bacillus atrophaeus (PQ569137)
3.6 Determination of protease activity on different conditions

3.6.1 Effect of metal salts on protease activity

The synthesis of proteases is significantly influenced by temperature, both specifically
and nonspecifically. The impact of various incubation temperatures on protease pro-
duction by Bacillus atrophaeus (PQ569137) was evaluated, as shown in Figure 6. The
findings indicated that the highest enzymatic activity was observed following incuba-
tion at 55 °C for 1 h. Although activity gradually declined at 45 °C and 37 °C, the
temperature differences were statistically significant (p< 0.05). Consequently, 55 °C
was identified as the optimal temperature for enzyme production by Bacillus
atrophaeus (PQ569137). A similar result was obtained by Desalegn (2016), who ob-
served the effect of different temperature and pH values on enzymatic activity and the
synthesis of protease in Bacillus subtilis PMOL-5 peaked at 45 °C, while in other study
the temperature optima of Bacillus cereus strain BS.P was 60 °C and Bacillus
paralichenformis strain BL.HK was 50 °C, respectively [24; 31]. Studies show that
proteolytic enzymes synthesized from Bacillus subspecies are most effective at temper-
atures ranging from 50 °C to 60 °C, depending on their purity level.
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Fig.6. Effect of temperature on enzymatic activity of Bacillus atrophaeus (PQ569137)
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3.6.2 Effect of pH on protease activity

Enzyme preparations used in leather production must remain relatively stable across a
range of pH levels in the production environment. To assess how environmental pH
affects protease enzyme activity, bacterial cell-free supernatant was added to a medium
containing 1% casein, which was then adjusted to pH levels ranging from 4 to 12. The
mixture was incubated at 50 °C for 1 h. The amount of L-tyrosine released during this
incubation was measured, and the highest enzyme activity was compared, as illustrated
in Figure 7.
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Fig.7. Effect of pH on the enzymatic activity of Bacillus atrophaeus (PQ569137)

The results showed that the Bacillus atrophaeus (PQ569137) culture retained its enzy-
matic activity at pH values ranging from 4 to 12. Akhtar (2024) investigated the impact
of different pH values on bacterial enzyme activity and stability. They found that the
protease enzyme produced by Bacillus cereus BS.P remained stable at pH levels rang-
ing from 8 to 12, with the highest activity observed between pH 10 and 11 [31].

3.6.3 Effect of metal salts on protease activity

The effect of metal salts on protease activity was illustrated in Fig.8. Various metal
salts, such as calcium, magnesium, zinc, iron, cobalt, manganese, potassium, and so-
dium, can exert both stimulatory and inhibitory effects on protease enzyme synthesis,
influencing enzyme activity, stability, and overall production efficiency. Enzyme ac-
tivity of the Bacillus atrophaeus (PQ569137) increased when MgCl, and MnCl, were
added, while it decreased with the addition of iron and potassium. Bacillus atrophaeus
(PQ569137) exhibited significant enzymatic activity in the presence of metal ions, with
protease activity measured at 279.15 £+ 2.46 U/mL when supplemented with magnesium
chloride (MgCl) and 281.09 + 10.39 U/mL in the presence of manganese chloride
(MnCl:). These results indicate that both Mg?* and Mn?* ions enhance the protease
activity of this strain, suggesting their potential role as cofactors in enzymatic catalysis.
Previous studies have shown that the effects of these metal ions vary among different
bacterial strains. Other researchers have discovered that in Bacillus species, calcium,
magnesium, and manganese increase and stabilize enzyme activity. Theoretically, these
ions are believed to protect the enzyme from thermal denaturation and assist it in
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maintaining its structurally active form at elevated temperatures.
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Fig.8. Effect of metal salts on the enzymatic activity of Bacillus atrophaeus (PQ569137)

Figure 8 illustrates the influence of various metal salts on the protease activity of Ba-
cillus atrophaeus (PQ569137). The data demonstrate that the addition of magnesium
chloride (MgCl») and manganese chloride (MnCl,) significantly enhanced enzyme ac-
tivity, suggesting that these metal ions may play a crucial role as cofactors in the enzy-
matic process. It is well-established that certain divalent cations can promote protease
stability and activity by facilitating proper protein folding and substrate binding [32].
Conversely, the assay results also indicated a notable decrease in protease activity upon
the addition of iron and potassium salts. The inhibitory effects observed with iron may
be attributed to its ability to compete with other essential metal ions for binding sites
on the enzyme, potentially leading to conformational changes that diminish enzyme
functionality [15]. Similarly, the adverse effects of potassium are less understood but
may involve alterations in ionic balance or enzyme-substrate interactions that
negatively impact proteolytic activity.

These findings highlight the crucial role of metal ions in regulating protease
activities, suggesting that careful modulation of these components could enhance
enzyme performance in biotechnological applications.

3.7 Dehairing experiment

The dehairing proteases' inactivity on collagen and effective dehairing capabilities were
significantly more important than the enzyme's degree of synthesis [14]. Due to this
reason, a laboratory-scale dehairing experiment was necessary to evaluate each bacte-
rial isolates capability of hair removal without damaging the skin collagen layer.
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24h 48h 72h

Fig.9. Laboratory scale dehairing experiment using bacterial crude enzyme of Bacillus
atrophaeus (PQ569137)

Before conducting pilot studies, experiments were conducted in a controlled laboratory
to enzymatically dehair sheep skin fragments utilizing the dip method to examine the
dehairing capability of isolates. The skins that were treated with the 20-1 bacterial strain
showed clean hair pores, and the hair had been uniformly removed within 24 h of incu-
bation. There was no evident damage to the skin collagen layer. When compared to
other samples, the protease synthesized by isolate 20-1 demonstrated a notable dehair-

ing quality.

4. Conclusions

In this study, 47 morphologically distinct pure bacterial cultures were isolated from
protein-contaminated environmental samples collected from Ulaanbaatar city, as well
as Zavkhan and Khentii provinces in Mongolia. Among these, six isolates exhibiting
high proteolytic activity on skim milk agar plates were selected for further analysis.
Enzyme activity assays identified isolate 20-1 as the most potent, with a protease activ-
ity of 753.1 U/mL. 16S rRNA sequencing confirmed 100% identity of strain 20-1 to
Bacillus atrophaeus, and its sequence was deposited in the NCBI GenBank under ac-
cession number PQ569137. The optimal growth conditions for Bacillus atrophaeus
PQ569137 were determined to be 25 °C, pH 7, and NaCl concentration >10%. Enzyme
activity and stability assessments revealed optimal protease function at 55 °C, pH 9,
and in the presence of metal ions such as FeCl, MnCl., and MgCl.. Among the six
tested strains, Bacillus atrophaeus PQ569137 exhibited the highest efficiency in hair
removal after 48 h of incubation, producing clean hair pores and maintaining an intact
grain structure with no observable skin damage during laboratory dehairing experi-
ments. These results suggest the strain's promising use in sustainable leather processing,
with further research needed to optimize processing time and assess economic feasibil-

ity.
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