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			Abstract | In this investigation, seven distinct bacterial strains that can produce keratinase were isolated and identified from the abattoir region. A transparent, clear zone was evident in each isolate during the initial primary screening on skimmed milk agar plates. The secondary screening was then evaluated via submerged fermentation utilizing raw feathers as a substrate for keratinase production. On skimmed milk agar plates with streaked pure culture growth patterns, these seven strains gave a positive appearance of sizable dramatic zones around the growth patterns. These seven strains such as Bacillus velezensis FD1, Bacillus cereus FD2, Bacillus subtilis FD3, Bacillus altitudinis FD4, Bacillus licheniformis FD5, Bacillus flexus FD6 and Alcaligenes sp. FD7 were verified by the molecular identification investigation using 16S rRNA sequence technology respectively. Out of these seven isolates, the Bacillus cereus FD2 strain produced the most keratinase (298U/mL), and was selected for more research. The Bacillus cereus showed the highest keratinase activity at neutral pH 7.0, with 1% inoculum size, 1% substrate and after 72h of the incubation period. This current study revealed that these isolates have ability to be used in many biotechnologies prospective applications like in hydrolysis of keratin-containing substrate. Recently, it has been extremely beneficial and a major priority to use microorganisms for the enzymatic destruction of keratin waste material rather of various conventional procedures that are expensive and not ecologically friendly.

			 

			Novelty Statement | The study reports proteolytic/keratinolytic bacteria for the first time from abattoir  region. 
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			Introduction

			The third most important polymer found in nature, after cellulose, an organic substance, and chitin, a fibrous polysaccharide, is keratin, an insoluble structural protein and a highly extraordinary stable macromolecule (Kokwe et al., 2023). In order to produce keratinase, keratinous materials such as chicken feathers, hooves, and hair are needed as substrate materials (Gupta and Ramnani, 2006). Moreover, many types of non keratinous substrates can also act as keratinase inducers such as casein, skimmed milk, gelatin and soybean meal (Casarin et al., 2008). Keratin is a major fundamental unit of skin and in addition to this; it is also a major constitutional and structural element of hooves, feathers, skin, cloves, nails, horns, and beaks (Mckittrick et al., 2012; Lin et al, 1996; Gopinath et al., 2015). Due to vast increase of poultry industry business, an enormous compost waste is being generated every day amongst which feathers are the most important ingredient factor which could be utilized. According to Abdelmoteleb et al. (2023), 10% of the chicken’s body weight is thought to be made up of keratin protein, which makes up 90% of the feather structure. Based on the amount of sulphur in its structure, keratins are divided into two type’s hard and soft keratin (Zhang et al., 2009). According to Parry and North (1998), the supercoiled polypeptide chain created by the close packing of alpha helix/beta sheets results in mechanical stability. Keratinase enzymes can also transform keratin into beneficial bioproducts.

			The keratin maximum stability is due to presence of disulphide and hydrogen bonding that makes its resistance against proteolytic hydrolysis. For biodegradation of keratin, disulfide bonds an extracellular protease enzyme keratinase is used (Singh et al., 2016). In their experiments, Nnolim et al. (2021) demonstrated how some microorganisms produce the keratinase enzyme when there are substrates present that include keratin. Actinomycetes, fungi, and bacteria are only a few of the microbes that have been identified as producing keratinase (Brandelli, 2005). More recently, keratinase derived from other Bacillus strains, including Bacillus pumilus, Bacillus licheniformis, and Bacillus subtilis, also displayed maximal intensity of variations, which gained significance due to their capacity for keratin breakdown quickly. According to Zhang et al. (2002), variations in molecular configuration, features of protein sequencing and conserved residues in nature may be the cause of the exceptionality of keratinase enzymes from various bacterial origins. 

			In addition to keratinolytic bacteria, keratin and keratinase have impressive uses in a number of industries, such as waste management, biodegradation, and industrial biotechnology (Snajder et al., 2012; Suzuki et al., 2006; Gupta and Ramanani, 2013). Different cultural factors, such as temperature, pH, inoculum size, nitrogen sources, and carbon type, have an impact on the production of the keratinase enzyme by bacteria. Keratinase synthesis is also influenced by the medium’s substrate concentration and aeration level, and these characteristics can be optimized to increase keratinase production (Subathra et al., 2018).

			Environmental wastes generated by human actions have a huge amount of proteins and other carbon compounds. One such waste is feathers that are produced in massive quantities in places of poultry treating and processing plants as a surplus secondary product at the commercial level (Manczinger et al., 2003). Chicken is a delicacy demanded not only in Pakistan but around the world. Because of population increases, the demand for this food is also increasing worldwide. Consideration should be given to scientifically utilizing this waste. Moreover, the increase of such wastes can be a severe cause of pollution as well as health problems so we can overcome such tragic environmental issues by resourceful way of avoiding environmental pollution (Adelere and Lateef, 2022). Previous works have given attention to the depletion method of some polymeric wastes which was mostly based on feather waste products (Sweltana and Jain, 2010; Bach et al., 2011). In this study, 16S rRNA sequencing techniques were used to extract, screen, and identify bacteria that produce keratinase from places where poultry manure is dumped.

			Materials and Methods

			Soil sampling

			The three different kinds of soil samples were taken from the locations of poultry farms in the Jauharabad area of Khushab, Punjab Province, Pakistan, as indicated in Figure 1, in order to identify bacteria that produce keratinase. Samples were gathered and brought to be processed in polythene bags.
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			Figure 1: Map of District Khushab Jauharabad, Pakistan sampling sites.

			Substrate preparation

			From poultry farms and slaughterhouses in market areas, chicken feathers were taken. The feathers were thoroughly cleaned and rinsed in warm distilled water to remove any dust, then dried in an oven at 60°C for two days. The feathers were kept at room temperature for use in additional experiments.

			Isolation and initial screening of keratinolytic bacteria

			Techniques like serial dilution and spread plate were used to isolate keratinolytic bacteria. A test tube containing 9 ml of sterilized distilled water and 0.1g of soil samples was filled, and then vigorously shaken. The following stage involved spreading each sample evenly over Keratinase positive strains were subsequently streaked on nutritional agar medium (nutritional agar 2.8% and skimmed milk powder 0.5%) plates and flooded with 10% Trichloroacetic acid to produce a pure culture of strains. The bacterial isolates on skimmed milk agar petri plates with the most transparent hydrolysis zone were subsequently chosen for the secondary screening step. To preserve and store the best keratinase-producing strains for use at 4oC in the future, glycerol was added to nutritional agar slants (Barman et al., 2017). The chosen strains colony characteristics were evaluated using measurements. The 100-microliter nutrient agar plates underwent a 24-h incubation period at 37°C.

			Inoculum preparation

			For inoculum preparation, the Erlenmeyer flask of 100mL containing 25 ml nutrient broth media sterilized at 121°C, 15 Ib/in for 15 min. After sterilization, the media was cooled and 24 h old loopful culture of Bacillus cereus FD2 strain was aseptically transferred then kept in a shaker and incubate at 37°C for 24 h. 

			Secondary screening and keratinase production in submerged fermentation

			Secondary screening was applied to isolates that formed transparent zones on skimmed milk agar petri plates. For secondary screening, distilled water was mixed with the basal salt feather meal media, which included (g/L) feathers 10g, NH4Cl 1g, NaCl 1g, K2HPO4 0.6g, KH2PO4 0.8g, MgCl2.6H2O 0.48 g, yeast extract 0.2 g (Rajesh et al., 2016). After that, each flask containing 100 ml of feather meal media was inoculated with 1 ml of the inoculum from a selection of bacterial strains, and the flasks were rotated on a rotary shaker at 120 rpm for one week at 37°C. Centrifugation of the fermented media was place for 10 min at a speed of 5000 rpm. The culture supernatant served as the source of the enzymatic extract for the keratinase activity assay and protein estimate. For secondary screening, the visual feather hydrolysis procedure was also examined for a week.

			Enzyme assay

			The powder from the hooves was used as a substrate for a keratinase assay, which was observed. The ingredients for the reaction mixture are 0.005 g of powdered hooves, 0.5 ml of pH 9.0 Tris-HCl-buffer, and 0.5 ml of a crude enzyme solution. After 30 min of incubation at 50°C with the experimental mixture, the reaction was stopped by adding 0.5 ml of 10%-Trichloroacetic Acid (TCA) solution. The reaction mixture was then centrifuged against the control for 10 min at 5,000 rpm and 40°C. A UV-1100 spectrophotometer from Robes Technologies was used to measure the absorbance of the samples. The amount of enzyme that causes an increase in absorbance of 0.01 per ml/min at 280 nm under standard conditions is referred to as one unit (U) of keratinase activity.

			Estimation of total proteins

			According to Lowery et al. (1951) method, the content of all soluble proteins in the culture supernatants was measured using bovine serum albumin (BSA) as a protein standard. A spectrophotometer was used to take the values at 600 nm.

			Molecular identification of bacterial isolates

			Gene sequencing technology (16S rRNA) was used for the molecular identification. A DNA extraction kit was used to obtain the genomic DNA of the Bacillus cereus FD2 strain. The amplification of the 16S rRNA gene was accomplished using the primers 785F (5’GGATTAGATACCCTGGTA) and 907R (5’CCGTCAATTCMTTTRAGTTT). Sequencing of the isolated DNA was done. In order to receive accession numbers, the sequence was eventually submitted to GenBank. The nucleotide sequence was compared to the reference sequence using the basic local alignment search tool (BLAST) available on the NCBI website (Tamura et al., 2013).

			Phylogenetic analysis

			A phylogenetic tree was created using MEGA6 software employing closely related sequences in order to determine the perspective of evolutionary history (Barman et al., 2017).

			One factor at a time (OFAT) technique of keratinase production optimization

			The different cultural parameters like pH, incubation period, concentration of substrate and inoculum size were optimized to obtain highest production of keratinase enzyme. The selected strains were optimized by using one factor at a time method. The entire fermentation experiments were conducted in duplicate in the Erlenmeyer pyrex flask of (250 mL) contained 50ml of the basal salt feather meal media which was inoculated with 24 h old loopful culture of Bacillus cereus FD2 strain. The effect of the different optimization parameters such as incubation period 24, 48, 72, 96, inoculum size 1, 3, 5, 7% a variety of pH values, including 5.0, 6.0, 7.0, 8.0, and 9.0 and substrate concentrations 1, 2, 3, 4 and 5g/100 ml were developed for the submerged fermentation method to produce the most keratinase possible from the Bacillus cereus FD2 strain. Daily samples of the crude enzyme supernatant were obtained to assess keratinase activity and estimate protein (Barman et al., 2017).

			Statistical analysis

			All experiments were run in duplicate and statistical analysis was performed using the analysis of variance (ANOVA).
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			Figure 2: Different isolation phases of keratinase-producing bacterial strains isolated from feather composted sites and soil samples (A) Serial dilution method; (B) Pouring method; (C) After spreading method, bacterial colonies are obtained on nutrient agar plates; (D) Streaking method; (E) Slants of pure culture are saved.

			Results and Discussion

			Primary screening of keratinase producing isolates

			In the current investigation, seven bacterial strains with keratinolytic characteristics were identified from composted soil-samples collected from chicken farms. The prepared suspension was processed on nutritional agar medium, and well-formed single colonies were preferred to streak further on nutritional agar medium in various petri plates to generate pure cultures of strains. Figure 2, illustrates the many steps in the isolation process for distinct bacterial strains using various approaches, including serial dilution, the pour plate method, and the streak plate technique. The growth patterns of seven strains were shown in Figure 3. The morphological identification was performed and characteristics are shown in Table 1, respectively. Following the isolation stage, the main screening method was chosen based on the translucent, intense zones that developed on skimmed milk agar plates when flooded with 10% Trichloroacetic acid, as shown in Figure 4 for each. The best keratinase producers were determined to be seven bacterial strains based on the development of transparent zones on skimmed milk agar plates. Because due to transparent zone formation bacterial strains were considered as best keratinase producers. Among all seven isolates Bacillus cereus FD2 strain was selected for further studies due to maximum zone production on skimmed milk agar plates.
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			Figure 3: Growth pattern of Bacillus cereus (a), Bacillus altitudinis (b), Bacillus subtilis (c), Bacillus velezensis (d), Bacillus flexus (e), Bacillus alcaligenes (f) and Bacillus licheniformis (g) on nutrients agar plates isolated from soil.
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			Figure 4: Primary screening of keratinase producing strains on skimmed milk agar plate after flooded with 10% Trichloroacetic acid demonstrated transparent zone of hydrolysis and identified as (a) Bacillus cereus (b) Bacillus altitudinis (c) Bacillus subtilis (d) Bacillus velezensis (e) Bacillus flexus (f) Bacillus alcaligenes and (g) Bacillus licheniformis.

			Table 1: Morphological identification of bacterial strains showing keratinase activity on skimmed milk agar plates and molecular identification by 16S RNA.
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							 Isolate name

						
							
							Acession number

						
							
							Colony colour

						
							
							Shape

						
							
							Margin

						
							
							Elevation

						
							
							Consistency

						
					

					
							
							1

						
							
							Bacillus velezensis FD1

						
							
							 MG 952530

						
							
							White,

						
							
							Spherical

						
							
							Irregular edges

						
							
							Flat

						
							
							Creamy

						
					

					
							
							2

						
							
							Bacillus cereus FD2

						
							
							 MG 952538

						
							
							Grey yellow

						
							
							Irregular

						
							
							Opaque

						
							
							Flat

						
							
							Creamy

						
					

					
							
							3

						
							
							Bacillus subtilis FD3

						
							
							 MG 952539

						
							
							Light yellowish

						
							
							Filamentous

						
							
							Opaque and smooth

						
							
							Flat

						
							
							Gummy

						
					

					
							
							4

						
							
							Bacillus altitudinis FD4

						
							
							 MG 952540

						
							
							Whitish

						
							
							Irregular

						
							
							Rough and wrinkled

						
							
							Flat

						
							
							Mucoid

						
					

					
							
							5

						
							
							Bacillus licheniformis FD5

						
							
							 MG 952567

						
							
							Fuzzy white 

						
							
							Wavy

						
							
							Jagged edges

						
							
							Flat

						
							
							Brittle

						
					

					
							
							6

						
							
							Bacillus flexus FD6

						
							
							MG 952576

						
							
							Dark yellowish

						
							
							Irregular

						
							
							Erose

						
							
							Convex

						
							
							Gummy

						
					

					
							
							7

						
							
							Alcaligenes sp FD7

						
							
							MG 952568

						
							
							Off white

						
							
							wrinkled

						
							
							Regular margin

						
							
							Convex

						
							
							Creamy

						
					

				
			

			According to Figure 3A, the Bacillus cereus FD2 had grey-white granular colonies with less wavy edges and opaque margins. Seven bacterial strains that produced the most keratinase was identified for the current study project from soil samples. In the presence of keratinolytic bacteria such as Bacillus paseudofirmus, Bacillus cereus, and Bacillus subtilis, which have been found by multiple researchers, the putrefaction of leftover poultry feathers persisted. (Manczinger et al., 2003; Zerdani et al., 2004; Rajesh et al., 2016; Nanolim et al., 2020; Szabo et al., 2000). In this study, the creation of transparent zones on the surface of skim milk agar plates served as the primary indicator of screening procedures. Rajesh et al. (2016) isolated Chrysosporium keratinophilum and Bacillus subtilis and discovered that the development of the zone on skimmed milk agar medium exhibited keratinolytic capabilities. Mukhthar et al. (2019) and Nanolim et al. (2020) reported findings about Bacillus strains and Arthrobacter sp. that were similar to these findings.

			Secondary screening of bacteria for keratinase production

			The only carbon source used in the submerged fermentation procedure for secondary screening was chicken feathers. The keratinase production values for all selected strains were shown in Figure 4, respectively. Bacillus licheniformis FD5 had the lowest production of keratinase (223 U/ml) while Bacillus cereus FD2 had the highest production of keratinase (298 U/ml) during 72 h of fermentation. The seven selected strains that exhibited prominent zones were measured as the best keratinase producer and out of seven isolates, Bacillus cereus FD2 was considered the best enzyme producer and selected for further study as depicted in Figure 5.

			After primary screening of isolates by skim milk agar plate next step was to predict the most productive strain for keratinase production so these selected isolates were again processed for the secondary screening phase through the submerged fermentation technique. The maximum keratinase production was recorded for Bacillus cereus FD2 isolate, and most important point to be noted during submerged fermentation through visual observation was feathers complete degradation and on the fourth day of optimization experimental media appearance was quite milky as shown in Figure 6. Similar results from different bacterial strains were observed and reported by some studies (Saha and Dhanasakeran, 2010; Qui et al., 2022).
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			Figure 5: Screening of seven bacterial isolates for keratinase production under submerged fermentation (SMF) method.
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			Figure 6: Secondary screening and successive feather degradation s of Bacillus cereus FD2 for keratinase production under submerged fermentation (SMF) method.

			Molecular identification of keratinolytic bacterial isolates

			Seven bacterial strains were identified and tested in this investigation for their ability to break down keratin. Through the analysis of the 16S rRNA gene, these top keratinase-producing isolates were found. Results of all selected strains with their gene bank accession number are shown in constructed phylogenetic tree in Figure 7, respectively. The strain FD1 (MG952530.1) was recognized as Bacillus velezensis which has 100% similarity to previously reported strains of the genus Bacillus. The second isolate with accession number FD2 (MG 952538.1) was recognized as Bacillus cereus as revealed by blast analysis a study. The isolate FD3 (MG 952539.1) which was identified as Bacillus subtilis showed 100% similarity with previous related strains. The isolate FD4 with accession number (MG 952540.1) was identified as Bacillus altitudinis which shows resemblance with other species of Bacillus. The FD5 strain which has accession number (MG 952567.1) confirmed as Bacillus licheniformis and shows high sequence similarity to other species of this genus. Phylogenetic analysis of FD6 and FD7 with accession numbers MG 952576.1 and MG 952568.1 showed close lineage to Bacillus flexus and Alcaligenes sp., respectively. The all isolated seven strains evolutionary history with their closed genera in the form of phylogenetic tree depicted in Figure 7, respectively.
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			Figure 7: Phylogenetic analysis of identified strains isolated from feather-compost soil samples.

			Optimization of culture conditions for production of the keratinase

			Optimization of incubation time for keratinase production by seven isolated strains

			During the experiment, different incubation times like 24, 48, 72, and 96h on seven selected strains at 37°C were observed for keratinase production. The enzyme production was initiated after 24 h, but the maximum keratinase enzyme production value 298U/ml was observed after 72 h of incubation from Bacillus cereus FD2, respectively, among the seven strains depicted in Figure 8. During the current study, the maximum incubation period was recorded as 72 h for Bacillus cereus FD2. When further incubation period increased enzyme production rate decreased. Sivakumar et al. (2013) observed the same time period from Bacillus thuringiensis at 72 h, and Ire and Onyenama (2017) reported results with maximum keratinase enzyme production 72 h for Bacillus licheniformis. Similar findings were also reported by Akram and Jabbar (2020), who discovered that Bacillus sp. produced the most keratinase at pH 7.0, 40oC after 72 h of incubation.
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			Figure 8: Effect of incubation time on keratinase production and protein estimation by different bacterial strains.

			Optimization of pH for keratinase production by Bacillus cereus FD2

			By modifying different pH values between 5.0 and 9.0, it was possible to observe how the pH factor affected the growth of the Bacillus cereus FD2 strain and the generation of keratinase. According to Figure 9, the isolate Bacillus cereus FD2 strain’s keratinase activity and soluble protein concentration peaked at 420 U/ml and 1330 g/ml, respectively, and fell to 235 U/ml and 840 g/ml at their lowest points. The Bacillus cereus FD2 best keratinase production was recorded at pH 7.0. Significant change in keratinase activity at pH 7 was observed at day 3 as compared to previous days and the shake flask feather media milky appearance and feathers digestibility shown neutral pH considered as best pH range on the other hand acidic and basic pH shown significant results as compared to neutral pH medium. So, it was determined that for Bacillus cereus FD2, pH 7.0 was ideal for achieving the highest level of keratinase activity. Additionally, Kainoor and Naik (2010) noted that pH 7.5 and 37°C were the ideal conditions for Bacillus berevis to produce the most keratinase. According to some other researchers (Matikeviciene et al., 2011), the pH that produced the most enzymes was neutral.
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			Figure 9: Effect of pH and protein estimation on keratinase production of Bacillus cereus FD2.

			Optimization of inoculum size for keratinase production by Bacillus cereus FD2

			Bacillus cereus FD2 recorded the highest levels of keratinase production and soluble protein when media was inoculated with various inoculum sizes, such as 1, 3, 5, and 7%, as shown in Figure 10. Significant drops in keratinolytic activity and soluble protein concentrations were seen at 3, 5 and 7%, respectively, as inoculum size was increased. It was discovered that inoculum size had an impact on both cell growth and enzyme production.

			Optimization of substrate concentration for keratinase production by Bacillus cereus FD2

			In this study, substrate feather meal was accordingly used at 1, 2, 3, 4, and 5% as the main carbon source for keratinase production. Figure 11 depicts the Bacillus cereus FD2 strain producing extremely high levels of keratinase and soluble protein concentrations 345U/ml and 980g/ml 
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			Figure 10: Effect of inoculums size on keratinase production and protein estimation by Bacillus cereus FD2.
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			Figure 11: Effect of substrate concentration on keratinase production and protein estimation by Bacillus cereus FD2.

			respectively, when the substrate concentration was 1%. The highest level of keratinase production, according to Kate and Pethe (2014), was attained with just 1% of chicken feathers. With 1% substrate, the experimental isolate Bacillus cereus FD2 demonstrated maximal enzyme production. Less protein concentrations and keratinase activity were seen at substrate concentrations greater than 1%. According to Singh et al. (2017), keratinase activity is slowed down by a 1% or greater rise in substrate concentration.

			Conclusions and Recommendations

			The results of the current investigation show that all culture factors, including pH, inoculum size, incubation time, and substrate concentration, significantly influence how much keratinase Bacillus cereus FD2 can produce. Recycling garbage containing keratin would be advantageous from an economic and environmental standpoint. These isolates may eventually be the most effective options for boosting keratinase production on an industrial scale.
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Abstract | In this investigation, seven distinct bacterial strains that can produce keratinase
were isolated and identified from the abattoir region. A transparent, clear zone was evident in
each isolate during the initial primary screening on skimmed milk agar plates. The secondary
screening was then evaluated via submerged fermentation utilizing raw feathers as a substrate
Authors’ Contributions for keratinase production. On skimmed milk agar plates with streaked pure culture growth
FD performed experiments and wrote firpabtetnBNthedgedseven strains gave a positive appearance of sizable dramatic zones around
figure making and data interpertation. Mfl’?é‘ng‘&%@HIfasﬂ’éiﬁhs. These seven strains such as Bacillus velezensis FD1, Bacillus cereus FD2,
and critically edited the manuscript. . .. R R .. . . . . .
Bacillus subtilis ¥FD3, Bacillus altitudinis FDA, Bacillus licheniformis FD5, Bacillus flexus FD6 and
Alcaligenes sp. FD7 were verified by the molecular identification investigation using 16S rRNA
Keratinolytic bacteria, Feather hydrolysiseljereficesstedPmbitvgy respectively. Out of these seven isolates, the Bacillus cereus FD2 strain
waste, Biodegradation, Fermentation produced the most keratinase (298U/mL), and was selected for more research. The Bacillus
cereus showed the highest keratinase activity at neutral pH 7.0, with 1% inoculum size, 1%
o ) substrate and after 72h of the incubation period. This current study revealed that these isolates
Copyright 2023 by the authors. Licensee Resea g mlﬁé}n ﬁ) IE%te(ji’used in many biotechnologies prospective applications like in hydrolysis of
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under the terms and conditions of the CRGFAHTGRRtHNME substrate. Recently, it has been extremely beneficial and a major priority to
tribution (CC BY) license (https://creativettsarmisrogfiganisths for the enzymatic destruction of keratin waste material rather of various

by/4.0/). conventional procedures that are expensive and not ecologically friendly.
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Introduction needed as substrate materials (Gupta and Ramnani, 2006).

Moreover, many types of non keratinous substrates can also

he third mostimportant polymer found in nature, after
cellulose, an organic substance, and chitin, a fibrous
polysaccharide, is keratin, an insoluble structural protein
and a highly extraordinary stable macromolecule (Kokwe
et al., 2023). In order to produce keratinase, keratinous
materials such as chicken feathers, hooves, and hair are

act as keratinase inducers such as casein, skimmed milk,
gelatin and soybean meal (Casarin e a/., 2008). Keratin is
a major fundamental unit of skin and in addition to this;
it is also a major constitutional and structural element
of hooves, feathers, skin, cloves, nails, horns, and beaks
(Mckittrick ez al., 2012; Lin et al, 1996; Gopinath ef al.,
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