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Summary

Optimization of extracellular protease production by Bacillus sp. C4was carried out using a two-
step strategy One Variable at A Time (OVAT). On the basis of the results obtained from OVAT
experiments, 1XSG medium supplemented with 0.2% yeast extract was the best medium formula
for maximum protease production. An overall of 1.8-fold increase in protease production was
achieved in the optimized medium as compared to the non-optimized one. The optimum predicted
production conditions were as follows: beef extract (0.3%), peptone (0.5%), yeast extract (0.2%),
glucose (0.1%), KCl (0.2%), FeSO, (1mM), MgSO,4 (2mM), MnCl; (0.1mM), and CaCl, (1 mM)
and an incubation period of 24 hours. It was also found out that under the optimal conditions the
extracellular protease production started four hours (04 hours) earlier than that produced in the non-

optimized conditions.

A keratinolytic protease gene (kerl gene) was isolated from a keratin-degrading Bacillus sp. C,4
using PCR amplification and degenerate primers. Kerl gene consists of an open reading frame of
1,152 bps, encoding a prepropeptide (polypeptide) consists of 383 amino acidres residues. The
BLASTp analysis showed that the deduced amino acid sequence of ker1l gene has identity to many
serine proteases from different Bacillus pumilis. This indicated that kerl gene encodes one of the
serine protease from Bacillus sp. C4. The three residues, found in al subtilisins, at the active site
that form the catalytic triad (Asp-140, His-172 and Ser-329) were conserved in the deduced protein
sequence of the kerl gene. The kerl gene was subsequently submitted to the NCBI GenBank
(accession number: KX184831). Genome sequencing and analysis of the Bacillus sp. C, was
performed as an alternative approach to investigate further keratinase genes involved in keratin
degradation. Bacillus sp. C, genome was constructed as a single circular chromosome containing
3,659,360 bps with an average G+C content of 41.4% and no plasmids were detected. Annotation
results indicated that Bacillus sp C4 belongs to the B. pumilus group of organisms. NCBI
Prokaryotic genome annotation pipeline predicted atotal of 3,698 genes, from which 3,596 protein-
coding sequences (CDS), 71 RNA genes and 31 pseudogenes. The RNA coding genes predicted
include 60 tRNAs, 10 rRNAS, and 1 non-coding RNA (ncRNA). The genome was found to be 99.6
% complete when analyzed. This whole-genome Bacillus pumilus C,; sequence has been deposited
a NCBI GenBank under the accession number CP011109. The bioproject number was
PRINA278012. Eighty one candidate genes for peptidase were found overall in the draft genome.

Out of them six (06) genes were annotated as putative peptidase S8 in which two genes were
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predicted also as subtilisins based on BASys annotation. The first one is the Kerl gene (accession
number: KX184831) previoudy isolated in this study. The second one is a homolog to Kerl gene
and was named Ker2 gene. This gene was subsequently submitted to NCBI GenBank (Accession
Number: KX184832). The ORF of this gene has an equal amount of base pairs as Kerl gene. The
two genes had a gene sequence similarity of 67% using BLASTn at NCBI. The deduced amino acid
sequence of ker2 gene of B. pumilus C, contained 383 amino acid residues and the three residues at
the active site that form the catalytic triad in all subtilisins are Asp-140, His-172 and Ser-329.
Results of PCR amplification, de novo sequencing, and genome annotation indicated that the
protease producer and keratin degrading Bacillus pumilus C, has at least two genes encoding
subtilisin-like serine proteases. The broad substrate specificity and keratinolytic activity towards
both type of keratin of this strain could originate from the presence of this high number of putative
peptidases and proteases.

Identification of some protease enzymes produced upon growing Bacillus pumilus C; on
optimized medium was done using nLC-ESI-MS/MS followed by Mascot database search. Mascot
Search results indicated that the partia purified protease fraction in fact consists of two enzymes,
corresponding to the previously identified genes Kerl and Ker2 of the B. pumilus strain C4. This
confirmed that Bacillus pumilus C, produced at least two protease enzymes that could be related to

its remarkable keratinilytic activity towards both type of keratins.

Key words: Bacillus pumilus C,, extracellular protease, subtilisins, keratins, whole genome

seguencing.
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Résumeé

L’ optimisation de la production de la protéase extracellulaire par la soucheBacillussp. C, a été
réalisée en utilisant une stratégie a deux étapes, une approche a une variable a la fois (OVAT).
Basant sur les résultats d’OVAT, le milieu 1XSG additionné d'extrait de levure a 0,2% était la
meilleure formule du milieu pour une production maximale de protéase par Bacillus sp. C4. Une
augmentation globale de 1,8 fois la production de la protéase extracellulaire par Bacillus sp. C,a é&té
obtenue dans le milieu optimisé par rapport a celui non optimise. Il a été également découvert que
dans les conditions optimales, la production de protéase extracellulaire a commencé quatre heures

(04 heures) plustét gue celle produite dans les conditions non optimisées.

Le géne de la protéase kératinolytique (géne kerl) a été isolé a partir de Bacillus sp. Cy4; une
souche protéol ytique possédant une activité kératinolytique; en utilisant I’amplification par PCR et
des amorces spécifiques. Le gene Kerl se compose d'un cadre de lecture ouvert de 1, 152 bps,
codant pour un polypeptide constitué de 383 résidus d'acides aminés. L'analyse par BLASTP a
montré que la sequence d'acides aminés déduite du gene kerl a une similarité avec de nombreuses
serine protéases provenant de différents Bacillus pumilus. Ceci indique que le géne kerlcode pour
I'une des serine protéases de Bacillus sp. C,. Les trois résidus présents dans toutes les subtilisines au
site actif formant la triade catalytique (Asp-140, His-172 et Ser-329) ont éé conservés dans la
séguence d'acides aminés déduite du gene kerl. Le géne kerlest ensuite déposédans la banque de
données internationale GenBank a NCBI (numéro d'accession: KX184831). Le séquencage et
['analyse du génome de Bacillus sp. C, a été réalisée comme une approche alternative pour isoler
d'autres genes impliqués dans la dégradation de la kératine par cette souche. Le génome de Bacillus
sp. C4 a été construit sous la forme d'un seul chromosome circulaire contenant 3,659,360 pb avec
une teneur moyenne en GC de 41,4% et aucun plasmide n'a été détecté.Les résultats de |'annotation
indiquent que Bacillus sp C, appartient au groupe d'organismes B. pumilus. L’annotation par le
NCBI prédit un total de 3 698 genes dont 3 596 sequences codant pour protéine (CDS), 71 genes
d’ARN et 31 pseudogeénes. Les génes dARN predits comprennent 60 ARNt, 10 ARNr et 1 ARN
non codant (ARNNC). Le génome sest révélé étre complet a 99,6% lorsquil a été analysé. Le
génome entier de Bacillus pumilus C, a été déposé a la base de données GenBank sous le numéro
d'accession CP011109 et le nombre de bioprojets était PRINA278012. Quatre-vingt-un genes
candidats pour la peptidase ont été trouves globalement dans ce génome. Six (06) genes entre eux

ont été annotés comme peptidase S8 dans laquelle deux génes ont été prédits auss comme

13



subtilisines basées sur |'annotation par BASys. Le premier est le géne Kerl (numéro d'accession:
KX184831) préalablement isolé dans cette étude. Le second est un homologue du gene Kerl et a été
nommé gene Ker2. Ce gene a ensuite éé soumis a NCBI GenBank (Numéro d'accession:
KX184832).Le cadre de lecture ouvert de ce géene a une quantité de paires de base égae a
celledugene Kerl. Les deux géenes ont une similarité de séquence de 67% en utilisant BLASTN a
NCBI. La séquence d'acides aminés déduite du gene ker2 de B. pumilus C, contenait 383 résidus
d'acides aminés et les trois résidus au site actif qui forment la triade catalytique dans toutes les
subtilisines sont Asp-140, His-172 et Ser-329. Les résultats de |'amplification par PCR, du
seguencage de novo et de I'annotation du génome de cette bactérie indiquent que Bacillus pumilus
Cypossede au moins deux genes codant pour des sérine-protéases de type subtilisine. La large
spécificité du substrat et |'activité kératinolytique vis-a-vis des deux types de kératine de cette
souche pourraient provenir de la présence de ce nombre élevé de peptidases et de protéases

putatives.

L'identification de certaines protéases produites lors de la croissance de Bacillus pumilus C4 sur
le milieu optimisé a été effectuée en utilisant nLC-ESI-MS/MS suivie d'une recherche de base de
données par Mascot. Les résultats de Mascot indiquent que la fraction de protéase partiellement
purifiée se compose en fait de deux enzymes, correspondant aux genes Kerl et Ker2 précédemment
identifiés de la souche de B. pumilusC,. Ceci confirme que Bacillus pumilus C, produit au moins
deux protéases qui pourraient étre liées a son activité kératinilytique remarquable envers les deux

types de kératines.

Mots clés. Bacillus pumilus C,, protéase extracellulaire, subtilisins, kératins, le séquengage du

génome entier.

14



Table of Contents

Page
Acknowledgment i
List of Tables i
List of Figures iii
List of Abbreviations iv
Summary v
vii
Résumé ix
[ 1 4 o 13 Tod [ ] I 1
[1- RESEAICN ODjJECTIVES. ..o et e e e e e e e 4
[11- ReVIEW OF LITEratUre. .. ...t e e e e e e e e e
Chapter One: Microbial Proteases.........covveieie e e e v ae e e 5
I I T 110 1 o PR 5
1.2. Sources of microbial Proteases. ... ..o v 5
1.3. Classification of microbial proteases ..........ccoovieiiiiiiiiiiiii e e, 6
131, SEINE PIOIEASES ... ..ttt e e e e et e e e e e e 9
O 0 (=T e T | PR |
141, QUAIITELIVE BSSAYS .. cveeveet e et et et et et e e e e et e e 9
1.4.2. QUANTITALIVE 8SSAYS ...ttt vt tee et te et eae e ete e e e e et et e e e e e eae e eae e ens 10

1.5. Regulation of protease biosynthesiS .........cooviii i i, 1
1.6. Protease fermentation and yield improvement...............cooee i iiieeeeenn,. 11
1.7. Fermentation methods..........coovuiie i e 12

1.8. Protease production using statistical design ..........cccovii i, 12
1.9. Microbial protease appliCatioNS. .. .......vuuve et cie e e e re e e ean 16
1.9.1. Food and feed INAUSETY .......ounirieie e e e e e e e 16
1.9.2. DEtergentSINAUSITY ... .ueeie it e e e e e e e et et e e ee e e e e 17
1.9.3. LEAtNEr INAUSEIY ... ... e e e e e e e e e e e 17
1.9.4. Silver recovery .. P
1.95. Sllkdegummlng e P ¥
1.9.6. Pharmaceutical and medlcal 01572 o T 18
Chapter Two: Microbial keratinases.............coocoiiiiiiiiiiiiii i i eeeeee, 19
2.0, DEfINITION. .. e e 19



2.2. Kerating, StruCture @and SOUICES ... ....iuie e e aet et e e et e e e e e een e ene 19
2.3. Sources of Microbia Keratinases ..........c.ccoviii i 20
2.4. Mechanism of Keratin Degradation............ccouiuieiiiii i e, 23
2.5. Biochemical Properties of Keratinases ..........oevveiieiiiiie i 24
2.6. Molecular characterization of Keratinases ..........ooovviiiiiiiiiiiii e e 25
2.7. Applications of microbial keratinases .............ccvvvviiiiiiiiiiiiiiiii i e e, 26
2.7.1. Recycling of keratinous Wastes ...........c.ocovviiiiiiiiiiiiieie i e e venieiennen. 26

2.7.2. Production of Fertilizer for organic farming.............coooviiiiiiiii i e e, 27
2.7.3. Leather and Textile INdUStry..........cooiiiiii e, 27
2.7.4. X-ray film reUtiliZation .........cooi i e e 28
2.7.5. Detergent INAUSTIY ... ...t e e e e e e e e e e ea s 29
2.7.6. Biological CONrol.........oieie i e e e e e 29
2.7.7. Biofuel ProduCtion ..........cuieie i e v e e 29
2.7.8. Cosmetics/Personal Care ProductS ..........cc.vveviiiiiiiii i i veiieeee e 30
2.7.9. Medical/Pharmaceutical AppliCations.............ouuieiiiiiiiie e, 30
2.7.9.1. Enhanced Drug DelIVEIY ... ......uie i e s e e 30
2.7.9.2. Prion protein Management. .. .....ccou oo vt ee e e e e eaeeen e 31
2.7.10. Other APPlICAtIONS. ...t e e e e e e e e 32
Chapter Three: Genome Sequencing and Annotation.............c.ooevivviiiiieiiennnn 33
3.1. Genome Sequencing TeChNOIOgIES. .. ....evv it e e e 32
3.2. Development of DNA Sequencing Technologies. .........oovvviviiii i, 35
3.2.1. First Generation Technologies or platforms ..........c.coovii i 35
3.2.2. Next Generation SEQUENCING. .. ... .uue ettt ee et et e e iee e e e e e e 36
3.2.2.1. ROCNE 454 SY S eM ... et et e e e e et e e e et e e e e e 36
3.2.2.2. 1HUMING SEOUENCING. .. eut ettt ettt et e et e et e e e e e e e e e e e e e aeeens 40
3.2.2.3. SOLID™ SEOUENCING .ttt vt ettt et eeeeeeeaen e et eeee e aeaaeeaeeaeaennennas 43
3.2.2.4. Paired-end SEQUENCING ... .u vttt e e e et et e e e et e e e e e e eanas 46
3.2.2.5. Other NGS TeChNOIOGIES. .. ... vttt e e e e e 48
3.2.2.5.1. lon Persona Genome Machine (PGM) from lon Torrent ...................... 48
3.2.2.5.2. Heliscope™ Single Molecule Sequencer.........ccovvieiii i i e, 49

3.2.3. Third Generation Sequencing Technologies..................ccceveevivieevee e, 50

3.2.3.1. The PaCBIO RS SYStEIM... ... u i ii e et et et e e e e e ve e e e e e 50
3.2.3.2. Nanopore Sequencing Technologies.........ccoviii i e, 51
3.3. Comparison of Next Generation Sequencing technologies............................ 51
3.4. Whole genome SEQUENCING. .. ... .ue ettt et e et e e e e et e e e e e eaas 53

3.5. Genome assembIy ... ... i e D5
IV-Materials and Methods. .. .....ooor o e e e e e

4.1. Microbial strain and Media. .. .......covuiiniie e 55
4.2, ProteolytiC @CtIVITY ... ... e e e e e e e e e 55
4.3. Determination of protein concentration.............ccoeviiiiiii i i i veieiiee. 56

16



4.4. Activation of the Bacillus sp. C4and inoculum preparation..............ccevvevvnnn. 56
4.5. Optimization of extracellular protease production... 56
4.5.1. Selection of significant factors affecting protease productl on through (O V.A. T)

approach... e N
4.5.1.1. Effect of Culture medium.. 57
4.5.1.2. Effect OF INOCUIUM SIZE......ov i e e 57
4.5.1.3. Effect of initial pH......on i 57
4.5.1.4. Effect of incubation temperature...........cooeiieiiiii e e e 58
4.5.1.5. Effect of agitation rate.........c.o et e e e e 58
4.5.1.6. Effect of different carbon and nitrogen SOUICES...........covvvviiirierienieiiinnnnns 58
4.5.1.7. Effect 0f metal 10NS. .. ... ouui it e 58
4.6. Isolation of keratinase gene (s) from Bacillus sp. C,4 58
4.6.1. Genomic DNA isolation.. PP
4.6.2. Agarose gel electrophoresw 59
4.6.3. PCR amplification of Keratinase gene (ker gene) ...................................... 59

4.6.4. Characterization of the nucleic acid sequence and deduced amino acid

4.7. Library preparation and genome sequencing of Bacillussp. Cs ..oovvvvvvvvevnnnn .. 60
4.8. De novo assembly of the Bacillus sp. C4genome...........c.cooviiiiiiiiiiieeneene, 61
4.9. Annotation of Bacillus sp. C4 0ENOME .......iviiiiieie it e e e 62
4.10. Identification of active proteins produced by Bacillus sp. C4 and involved in

protein degradation... e 6D
4.10.1. Extracellular proteasefractlon preparatlon from BacHIussp C4 .................... 62
4.10.2. SDS polyacrylamide gel electrophoresis............cccoviiiii i iiiiiieeiee.. 63
4.10.3. Nan0 HPLC-ESI-MS/MS Strategy ... ....oeeieeieie e ae et ie e e eeienas 64

4.10.4. Data Analysis and Protein Identification...............coovviii i viiiie i e, 64

V- ReSUItS aNd DISCUSSION... ...ttt e e et e e e e e et et ettt e, B5

5.1. Optimization of extracellular protease production from Bacillussp. Cy................ 65
5.1.1. Selection of the most important physico-chemical determinants and the most
carbon & nitrogen SOUrCES VIa OV AT ... .cn i e e e e e e

5.1.1.1. Effect of culture medium...... ... gg
5.1.1.2. Effect of INOCUIUM SIZE... ..o s 66
5.1.1.3. EffeCt OF PH ...oe e e e e e e e e e, BB
5.1.1.4. Effect OF temMPErature. ... ... e e e e e e e e e 66
5.1.1.5. Effect of agitation rate...........ooviiii i e e e e e v 67
5.1.1.6. Effect of some carbon and nitrogen sources as well as metal ions on

67

extracellular protease ProdUCTION. .. .......ue e e e e e e

17



5.2. Isolation of keratinase gene (s) from keratin-degrading Bacillussp. Cq................ 70

5.3. Bacillus sp. C4 genome sequencing and de novo assembly................cceene e, 73
5.4. GENOME ANNOLALION. .. ..ottt e et et e e e e et e e e 75
VI- Conclusion and PersSPECTIVES .......oeiiiue i e et e e e aen s 84
V- REFENBNCES.. ...ttt bbbttt b bbb reeneas 86

18



Introduction

19



I ntroduction

Proteasesal soknown as peptidyl-peptides hydrolases (E.C. 3.4.21-24 and 99) are one of the most
valuable industrial enzyme swhich catalyze the hydrolysis of peptide bonds in a protein molecule.
The currentestimated value of the worldwide sales of industrial enzymesis $4.2 billion (Singh et al,
2016). Proteases represent one of the three largest groups of industrial enzymes and their global
market is projected to reach approximately $2.21 billion in terms of vaue by 2021 at a compound
annual growth rate (CAGR) of 6% from 2016 to 2021 (Industrial Enzyme Market, 2015).
Proteases from microbia origin are accounted for about 60% of the total worldwide enzyme sales,
followed by the animal source. Microbial proteases, especialy from Bacillus sp. have traditionally
held the predominant share of the industrial enzyme market of the worldwide enzyme sales with
major applications in food and feed, detergent, pharmaceuticals, leather, diagnostics, waste
management, silver recovery and molecular biology (Anisworth, 1994; Outtrup et al, 1995; Inhs
et al, 1999; Saxena and Singh, 2010).

The overall of enzyme production and downstream processingis a major obstacle against the
successful application of any technology in the enzyme industry. In particular, in biotechnical
production processes in which even small improvements can be decisive for the commercid
success; optimizations on everybody's agenda at present (Reddy et al, 2008; Potumarthi et al,
2008). Researchers and process engineers have used several methods to increase the yields of
proteases with respect to their industrial requirements. Selection of appropriate carbon, nitrogen and
other nutrients is one of the most critical stages in the development of an efficient and economic
process. Conventional experimental approach used for media optimization employs ‘change-one-
factor-at-a-time” method. This method is time consuming and requires large number of experiments
to study the effect of individual factors. Response surface methodology (RSM) is one of the
popularly used optimization procedures. It is a collection of statistical techniques for designing
experiments, building models(Oh et al, 1995), identifying the effective factors, study interactions,
select optimum conditions and quantify the relationships between one or more measured responses
and the vital input factors in a limited number of experiments (Gupta et al, 2002a;Ahujaet al,
2004).

Keratinolytic peptidases or keratinases (EC 3.4.21/24/99.11) encompass a distinctive group of
proteolytic enzymes; show their complete involvement in hydrolysis of insoluble keratin into
simple polypeptides and amino acids (Gupta and Singh, 2013 and 2014). Keratin is the third most
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abundant polymer in nature after cellulose and chitin. It is a structural component of skin, hair,
feather, wool, horns, hooves, cloves, nails, beaks, reptilian osteoderm, and fish teeth and slime
(McKittrick et al, 2012; Lange et al, 2016). Keratin belongs to the intermediate filament proteins
that are packed tightly either as a a-helix (o-keratin) or [B-sheet (B-keratin) in a super coiled
polypeptide chain with a high degree of cross-linking by disulfide bonds, hydrophobic interactions,
and hydrogen bonds (Fraser and Parry 2008; Riffel et al, 2011). Thus, keratin is avery strong and
insoluble protein with high resistance to mechanical stress and recalcitrance to common proteolytic

enzymes like pepsin, trypsin, and papain (Riffel et al, 2011; Huang et al, 2015).

A large number of microorganisms have been reported to produce keratinases (Brandelli et al,
2010; Gupta and Ramnani 2006; Onifade et al, 1998), and among bacteria, the best studied are
organisms from the genus Bacillus (Gobinath et al, 2015). Microbial keratinases have attracted a
great deal of attention in the recent decade as special proteases with their extended substrate
spectrum as they act on insoluble structura proteins. Today, due to their wide substrate specificity,
they are considered as better catalyst for their application in conventional protease sectors like feed,
fertilizer, detergent, leather, and pharmaceutical/biomedical industries. Apart from these, they are
indispensible for their application in the non-polluting processes such as the treatment of keratin-
containing wastes from poultry and leather industry (Sangali and Brandelli, 2000). After
hydrolysis, the feathers can be converted to feed-stuffs, fertilizer, glues and films or selected amino

acids such as serine, cysteine and proline (Riffel et al, 2003).

Keratinases are mostly serine proteases(Gupta and Ramnani 2006), and many bacteria
keratinase genes have been sequenced, cloned, and characterized indicating a sequence similarity
with the subtilisin family, Family S8, of serine proteases. According to MEROPS, subtilases are
grouped under the S8 family of SB clan and are characterized by a catalytic triad of three amino
acids, namely aspartate, histidine, and serine. They are further classified into two subfamilies
namely subtilisins (S8A) and kexins (S8B) (Rawlings et al, 2008; Jasmin et al, 2010).

The whole Genome sequencing is becoming one of the most widely used applications of Next-
Generation Sequencing (NGS) technologies (Goodwin et al, 2016). It has played a central role in
the advancement of the field of life sciences disciplines and has become as common and as
straightforward as PCR technique. The complete genome sequence of important industrial
organisms provide opportunities for human health, industry, and the environment. Bacillus species

are the dominant workhorses in industrial fermentations. Today, genome sequences of several
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Bacillus species are available, and comparative genomics of this genus helps in understanding their

physiology, biochemistry, and genetics (Sharma and Satyanarayana, 2013)

This study was an attempt to enhance the extracellular protease production by Bacillus sp. Cy4
through screening for some keratinolytic protease genes that may contribute to the keratinolytic
ability of this bacterium towads feather and wool keratins using de novo genome sequencing and

protein analysis.
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Research Objectives



I1. Research Objectives

The objectives of thisstudy are:

i. To enhance the extracellular protease production by Bacillus sp. C4 through
optimization of medium composition,

ii. To screen for some protease genes related to keratinolytic activity of the bacterium
under study using PCR amplification and the whole genome sequencing.

iii. Moreover, to identify the secreted proteases in the optimized medium and to
investigate their relationship to the isolated protease genes from Bacillus sp. C4in
this study.
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1. Micobial Proteases
1.1. Defenition
Proteases (peptidases or proteolytic enzymes) have been studied extensively since the advent of
enzymologist (Gupta et al, 2002b).They are widely distributed in nature and play avita rolein life
processes. Proteases are essential constituents of all forms of life on the earth, including
prokaryotes, fungi, plants and animals. They are particularly known for their capacity to hydrolyze
peptide bonds in agueous environments and to synthesize peptide bonds in non-aqueous
biocatalysis (Jaouadi et al, 2011).Proteases from microorganisms are the largest group of industria
enzymes and account for greater than 60% of total global sale of enzymes (De Souza et al,
2015).Bacterial proteases are the most widely exploited when compared with plant, animal, and
fungal proteases (Breithaupt, 2001; Olajuyigbe and Falade 2014).

1.2.Sour ces of microbial proteases

Although protease-producing microorganisms, plants and animals have cosmopolitan
distribution in nature; microbial community is preferred over the others for the large scale
production of proteases due to their fast growth, broad biochemical diversity and simplicity of life
for the generation of new recombinant enzymes with desired properties (Jisha et al, 2013).
Furthermore, microbial proteins have a longer shelf life and can be stored under less than ided

conditions for weeks without significant loss of activity (Gupta et al, 2002c).

In general, microbial proteases are extracellular in nature and are directly secreted into the
fermentation broth byte producer, thus ssmplifying downstream processing of the enzyme as
compared to proteases obtained from plants and animals. Despite the long list of protease-producing
microorganisms, only a few are considered as appropriate producers for commercia exploitation,
being ‘generally regarded as safe’ (GRAS), non-toxic and non-pathogenic. A large number of
microbes belonging to bacteria, fungi, yeast and actinomycetes are known to produce akaline

proteases of the serine type (Kumar and Takagi 1999).

Bacteria are the most dominant group of alkaline protease producers with the genus Bacillus
being the most prominent source. A myriad of Bacillus species from many different exotic
environments have been explored and exploited for alkaline protease production but most potential
alkaline protease producing bacilli are strains of B. licheniformis, B. subtilis, B amyloliquifaciens,
and. mojavensis (Gupta et al, 2002b; Kalisz 1988; Kumar and Takagi 1999; Rao et al, 1998).
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Another bacterial source known as a potential producer is Pseudomonas sp. (Bayoudh et al, 2000;
Ogino et al, 1999). Among actinomycetes, strains of Streptomycesare the preferred source
(Petinate et al, 1999). In fungi, Aspergilli (Chakrabarti et al, 2000; Rajamani and Hilda 1987) is
the most exploited group, and Conidiobolus sp. (Bhosale et al, 1995), and Rhizopus sp. (Banerjee
and Bhattacharyyal993) aso produce alkaline protease. Among yeasts, Candida sp .has been
studied in detail as a potential akaline protease producer (Poza et al, 2001). Despite thisinterest in
other sources, survey of the literature conclusively shows that Bacillus spp. are by far the most
popular source of commercial alkaline proteases (Gupta et al, 2002b).

1.3. Classification of proteases

According to the Enzyme Commission (EC) classification, proteases belong to group 3
(hydrolases), and sub-group 4 (which hydrolyse peptide bonds, peptide hydrolasesor peptidases E.C
3.4).However, proteases do not comply easily with the general system of enzyme nomenclature due
to their huge diversity of action and structure (Jisha et al, 2013). Protease scan be separated into
two major groups based on their ability to cleave N- or C- termina peptide bonds (exopeptidases,
(E.C 3.4.11-19))or interna peptide bonds (endopeptidases, (E.C 3.4.21-99)).While aminopeptidases
cleave the N-terminal peptide linkage, carboxypeptidases cleave the C-terminal peptide bond.

Proteases are also distinguished by the presence or absence of charged groups in positions
relative to the susceptible bond and are classified on a number of bases: their pH optima (as acidic
(pH 2.0 to 6.0),neutral (pH 6.0 t08.0) or alkaline (pH 8.0 to 13.0)) (Gupta et al, 2002b; Roa et al,
1998 ; Sabotic and Kos, 2012, De Souzal et al, 2015); substrate specificity (collagenase,
keratinase, elastase, etc.); or their homology to well-studied proteins such as trypsin, pepsin, etc.
(trypsin-like,pepsin-like, etc.). Hartley(Hartley 1960) classified end proteases into four groups on
the basis of their active site and sensitivity to various inhibitors; serine proteases, aspartic proteases,
cysteine proteases, and metalloproteases, Tablel (Sumantha et al, 2006). There are a few
miscellaneous proteases which do not precisely fit into the standard classification; ATP-dependent
proteases which require ATP for activity (M enon and Goldberg, 1987; Rao et al, 1998).

Based on their amino acid sequences, Rawlings and Barrett have classified proteases into
different families (Argos, 1987) which are further subdivided into “clans” to accommodate sets of
peptidases that have diverged from a common ancestor (Rawlings and Barett, 1993). They are
available in the MEROPS database (http://merops.sanger.ac.uk/).Each family of peptidases has been
assigned a code letter denoting the type of catalysis, i.e,, S, C, A, M, or U for serine, cysteine,
aspartic, metallo-, or unknown type, respectively (Rao et al, 1998).
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Table 1: General classification of proteases with their enzyme commission (EC) code, coupled with

specific mechanism of action of each subgroup (Jisha et al, 2013).

Protease E.C code M echanism
Exopeptidases cleave the peptide bond proxima to the amino or
3,4,11-19 carboxy termini of the substrate
Aminopeptidases Those acting at a free N-terminus liberate a single
3,411  amino acid residue
Dipeptidyl peptidase Releases of an N-terminal dipeptide from a
3,4,14  polypeptide
Tripeptidyl peptidase Releases of an N-terminal tripeptide from a
3,4,14  polypeptide
Carboxypeptidases Release of a single residue C-termina from a
3,4,16-18 polypeptide
Serine type protease 3.4 16 Carboxypeptidase have an active centre serine
n involved
Metalloprotease 3.4 17 Carboxypeptidase use a metal ion in the catalytic
n mechanism
Cysteine type protease 3.4 18 Carboxypeptidase have a cysteine in the active
n centre
Peptidyldipeptidase 3,4,15 Release of free C-terminus liberate a dipeptide
Dipeptidases 3,4,13  Exopeptidases specific for dipeptides
Omega peptidases Remove terminal residues that are linked by
3,419 . .
isopeptide bonds
Endopeptidases 3,4,21-24 Cleaveinternal bondsin polypeptide chains
Serine protesse 3.4, 21 _Endopeptldases have an active centre serine
involved
Cysteine protease 3,4,22  Possesses acysteinein the active centre
Aspartic protease 3,4,23  Anaspartic acid residue for their catalytic activity
Usesa metal ion (often, but not dways, Zn?*) in the
Metalloprotease 3,4,24 catalytic mechanism
Endopepti dases of
unknown catalytic 3, 4,99
mechanism Acting on peptide bonds
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1.3.1. Serine Proteases

Serine proteases are of considerable interest, in view of their activity and stability at alkaline pH;
and thus they have applications in a number of industries. These serine proteases have applications
detergent industry, in tannery, waste water treatment, silver recovery and resolution of amino acids
mixtures (Sundus et al, 2016). They have a nucleophilic serine residue located in their active site.
Apart from this, these proteases are aso distinguished by having essential aspartate and histidine
residues which, along with the serine, form the cataytic triad. They are generally active at neutral
and akaline pH, with optima at pH 7-11, although higher pH optima (10.0-12.5) for proteases
produced from Bacillus sp. YaB have aso been reported (Shimogaki et al, 1991, Gupta et al,
2002b).Serine proteases contribute to one third of the share in the enzyme market and are readily
inactivated by Phenyl Methane Sulfonyl Fluoride (PM SF).The prototypical group of bacterial serine
proteases are sublitisins (subtilases) (Gupta et al, 2002b). The name of subtilisin derives from the
name of the bacterial species, Bacillus subtilis, from which the protease was first isolated and the
term also now covers proteases isolated from related Bacillus species. Bacillus spp. are the best
known producers of subtilisin (Rao et al, 1998). Their amino acid sequence and three dimensional
structures can be clearly differentiated from other seine proteases, such as chymotrypsin,

carboxypeptidase and peptidase A from E. coli (Kumar et al, 2008b).

1.4.Protease assays

Proteolytic activity can be measured by either qualitative or quantitative methods. Both methods
based on the measurement of either the products of protein hydrolysis or of residual protein itself.
The available methods for the proteolytic activity measurement vary in their simplicity, rapidity,
range of detection and sensitivity.

1.4.1. Qualitative assays rely on the formation of a clear zone of proteolysis on agar plates as a

result of protease production. They include:

Protein agar plate assay is commonly used for the initial screening of proteolytic activity.

Different protein substrates can be used; skim milk (Rajamani and Hilda, 1987), casein,
gelatin, bovine serum albumin (BSA) (Vermelho et al, 1996) and keratin (Friedrich et al, 1999;
Gupta et al, 2002c)

Radial (zone) diffusion assay (Wikstrom et al, 1981) is used for semi-quantitative assessment

of protease activity. Protease is detected by observing the zone of hydrolysis around small wells
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cut in agar plates containing the appropriate protein substrate. In another method, the Coomassie
prestained substrate agarose gel alows direct assessment of protease activity (Hagen et al,
1997).

Thin-layer enzyme assay (Wikstrom, 1983),
The inner surface of a Perti dish is coated with protein and then covered with the agar culture

medium. The enzymes, produced during growth of the microorganisms, reach the protein-coated
surface. Degradation of the protein was visualized by condensation of water vapor on the surface
after removal of the agar medium. The wet ability of the enzyme-affected protein-coated
polystyrene surface was decreased compared with the unaffected protein surface. The main
advantage of this assay is that it is a sensitive, convenient and inexpensive method, which can be
used to select specific microbia protease producersin a mixed sample.

1.4.2. Quantitative assays

The commonly used methods employ natural or synthetic substrates using techniques such as
spectrophotometry, fluorimetry, radiometry and enzyme-linked immunosorbent assay-based assays
(ELISA).

Spectrophotometric methods

The commonly accepted procedure for estimating the activity of proteases is to determine the
guantity of peptides in acid-soluble hydrolyzed product fractions after proteolytic action on a
protein substrate (BSA, casein, hammerstein casein, hemoglobin). These peptide residues are
estimated either by absorption at 280 nm (direct estimation method) or using conventional Folin’s
reagent (colorimetric method), (Gupta et al, 2002c).

Both naturally occurring insoluble proteins, e.g., fibrin, elastin, gelatin, keratin, collagen, or
soluble proteins rendered insoluble either by cross-linking with bifunctional agents (Safarik,
1987a, b, 1989) or entrapment into appropriate polymermatrix (Safarik 1988a), thermally modified
substrates (Safarik 1987c, 1988b), or synthesized chromogenic substrates using 3,5-dinitro-
salicylic acid (Gallegos et al, 1996) can be used.

Fluorescent oligopeptide energy transfer assay (Ng and Auld, 1989),

A fluorescent peptide substrate is designed to explore the protease specificity for the amino
acids in the region of the cleavage site (C- and N-terminal). This assay is based on intramolecular

guenching of indole fluorescence by an N-termina dansyl group separated by six amino acid

31



residues. Although the sensitivity of this method for detection and quantification of specific
endoproteases, it is not used much because of the high cost of the assay components (Gupta et al,
2002c).

Enzyme-linked immunosor bent assay (Bedouet et al, 1998)

In this essay biotinylated-BSA was used as substrate in polystyrene-coated microtiter plates, and
the absorbance was recorded at 405 nm using a microtiter ELISA reader. It is used for detection and
quantification of low levels (~0.24 nag/ml) of proteases. ELISA-based assay methods have the
limitation that details of the compl ete three-dimensional structure of the test enzyme must be known

before using an antibody against it.

X-ray based method (Cheung et al, 1991)

It is based on utilizing gelatin on the surface of an unprocessed Kodak X-Omat AR film as a
proteolytic substrate. The assay is convenient, rapid and simple. It can be used for a variety of
proteases under a wide pH range of 5 to 8.5. The method is useful as a general laboratory

procedure.

1.5. Regulation of protease biosynthesis(Gupta et al, 2002c)

Protease production is an inherent property of all organisms and these enzymes are generaly
constitutive; however, at times they are partialy inducible (Beg et al, 2002, Kalisz, 1988).
Proteases are largely produced during stationary phase and thus are generally regulated by carbon
and nitrogen stress. Further, proteases are known to be associated with the onset of stationary phase,
which is marked by the transition from vegetative growth to sporulation stage in spore-formers.
Therefore, protease production is often related to the sporulation stage in many bacilli, such as B.
subtilis (O’Hara and Hageman, 1990), and B. licheniformis (Hanlon and Hodges, 1981).

1.6. Proteasefermentation and yield improvement

The overall cost of enzyme production and downstream processing is the mgor obstacle against
the successful application of any technology in the enzyme industry. Researchers and process
engineers have used several methods to increase the yields of alkaline proteases with respect to their
industrial requirements. Recent approaches for increasing protease yield include screening for

hyper-producing strains, cloning and over-expression, fed-batch, chemostat fermentations, and
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optimization of the fermentation medium through a statistical approach, such as response surface
methodology (Gupta et al, 2002b).

1.7. Fer mentation methods

Generaly, microbial proteases are constitutive or partially inducible in nature. Extracellular
microbia protease production is also strongly influenced by media components, e.g. variation in
C/N ratio, presence of some easily metabolizable sugars, such as glucose (Beg et al, 2002), and
metal ions (Varela et al, 1996). Protease synthesis is aso affected by rapidly metabolizable
nitrogen sources, such as amino acids in the medium. Besides these, several other physical factors,
such as aeration, inoculum density, pH, temperature and incubation, also affect the amount of
protease produced (Hameed et al, 1999, Puri et al, 2002). In order to scale up protease production
from microorganisms at the industrial level, biochemical and process engineers use severa
strategies to obtain high yields of protease in a fermentor. Controlled batch and fed-batch
fermentations using simultaneous control of glucose, ammonium ion concentration, oxygen tension,
pH and salt availability (Hameed et al, 1999; Hubner et al, 1993; Mao et al, 1992; Van Putten et
al, 1996) and chemostat cultures (Frankena et al, 1985, 1986) have been successfully used for
improving protease production for long-term incubations, using a number of microorganisms. In a
study, the overall akaline protease yield from B. mojavensis (Beg et al, 2002) was improved up to
4-fold under semi-batch and fed-batch operations by separating biomass and protease production
phases, using intermittent de-repression and induction during the growth of the organism.

1.8. Protease production using statistical design

Researchers and process engineers have used several methods to increase the yields of proteases
with respect toothier industrial requirements. Selection of appropriate carbon, nitrogen and other

nutrientsis one of the most critical stages in the development of an efficient and economic process.

The methodologies used for screening the nutrients fall into two major categories: classical and
statistical. The "one variable at-time-approach” is the most frequently used operation to obtain high
yields of protease in a microbia system. However, the statistical methodologies are preferred
because of various advantages in their use in terms of rapid and reliable short-listing of nutrients,
understanding the interactions among the nutrients at varying concentrations and a tremendous
reduction in total number of experiments resulting in saving of time, glassware, chemicas and
manpower (Reddy et al, 1999). Response surface methodology (RSM) is one of the popularly used
optimization procedures. RSM helps identify the effective factors, study interactions, select

33



optimum conditions and quantify the relationships between one or more measured responses and

the vital input factorsin limited number of experiments (Gupta et al, 2002b, Ahuja et al, 2004).
Response Surface Methodology (RSM) is a collection of mathematical and statistical techniques

useful for the modeling and analysis of problems in which a response of interest is influenced by

several variables and the objective isto optimize this response (M ontgomery, 2005).

It is possible to separate an optimization study using RSM into three stages. The first stage is the
preliminary work in which the determination of the independent parameters and their levels are
carried out. The second stage is the selection of the experimental design and the prediction and
verification of the model equation. The last one is obtaining the response surface plot and contour
plot of the response as a function of the independent parameters and determination of optimum

points (Das and Boyaci, 2007).

Central composite design (CCD) is the most popular design for fitting a second-order model. A
second-order model is useful in approximating a portion of the true response surface with parabolic
curvature. This design was introduced by Box and Wilson (Box and Wilson, 1951, Box and
Hunter, 1957; Venil and L akshmanaperumalsamy, 2009).

For statistical calculations, the variables X; were coded as X according to the following
transformation,

X = (Xi — Xo) AX

where x; is the dimensionless coded value of the variable X;,
Xothe value of the X; at the center point,
and AX the step change.

The behavior of the system was explained by the following quadratic model:

Y =Bo+ ¥ Bi X X + ¥Bi X Xi” + ¥ X XiX;

Where Y is the predicted response, o the intercept term, (3; the linear effect, B; the sgquared
effect, f;; the interaction effect.

Microsoft Excel 97 was used for the regression analysis of the experimental data obtained.
Several dstatistical software packages were aso used for the regression anaysis of the
experimental data, and also to plot the response graphs. The statistical significance of the model
equation and the model terms was evaluated via the Fisher's test .The quality of fitting of the



polynomial model equation was expressed by the coefficient of determination (R? and the

adjusted R%. The multiple linear regression analysis estimate t-value, p-value and confidence

Table 2: Statistica methods used to improve protease production from some Bacillus spp.

. . . Yield Reference
Microorganism Design Software ]
improvement
Bacillus licheniformis Central composite Design-Expert 1.4-fold Lakshmi and
design Software Hemalatha,
2016
Nassar et al,
) ] ] Design Expert 2015
Bacillusamyloliquefaciens 8.0.7.1 Stat-Ease 1.6-fold
35s Plackett-Burman +
face-centered central
composite design
(FCCCD)
Saxenaand
n.s. ]
Bacillus sp. Singh, 2010
2-fold
Plackett-Burman +
Central composite Rathakrishnan
i and
design Minitab 15 .
Bacillus cereus Nagargjan,
n.s. 2013
Plackett-Burman +
Central composite Kshetrilet al,
design 2016
Design-Expert
Bacillus sp. KW2 Chandra et al,
4.8-fold 2015
OVAT +Plackett-
Burman + Statistical
Bacillus subtilis SHmllla analysis  system
. 37.2-fold
Central composite  gag software V. Chengetal,
design 2012
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Bacillus
amyloliquefaciens B7

Bacillus licheniformis
strain BIHPUR

0104

Bacillus licheniformis
ATCC12759

OVAT +  Plackett-
Burmen
OVAT +  Plackett-
Burman +
Central composite
design

OVAT + Box-Behenken

Plackett-Burman +Face
Centered Central
Composite Design

9.0

Khusro, 2015
Design Expert
7.1.6
3.92-fold

_ Mardina et al,
Design 2015
Expert9.0.0 2-fold
Design Expert 9-fold
7.1.6

n.s. not specified.

level. The significant level (p-value) was determined using the t-test. The t-test for any

individual effect allows an evaluation of the probability of finding the observed effect purely by

chance. If this probability is sufficient small, the idea that the effect was caused by varying the

level of the variable under test is accepted. Confidence level is an expression of the p-valuein

percent (Reddy et al, 2008; Ghaemi et al, 2008).

The yield of a number of proteases from different spieces of Bacillus have been improved

using RSM and a summary of various production strategies adopted for enhanced protease

production is presented in Table 2.

1.9. Microbial protease applications
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Generally microbial proteases have a large variety of applications, in various industries. These
include food industries, detergent, pharmaceutical, cosmetic industries and have been widely
commercialized by various companies throughout the world. The applications of these enzymes
vary considerably.

1.9.1. Food and feed industry

The use of proteases in the food industry dates back to antiquity (Rao et al, 1998).The principal
applications of proteases in food processing are in brewing, cereal mashing, and beer haze
clarification, in the coagulation step in cheese making, in altering the viscoelastic properties of
dough in baking and in production of protein hydrolysates (Ward, 2011).The hydrolytic quality of
proteases is exploited for degradation of the turbidity complex resulting from protein in fruit juices
and alcoholic liquors, the improvement of quality of protein-rich foods, soy protein hydrolysis,
gelatin hydrolysis, casein and whey protein hydrolysis, meat protein recovery, and meat
tenderization (Kumari et al., 2012; Tomar et al., 2008).

The major application of proteases in dairy industry is in the cheese manufacturing, where the
primary function of enzymes is to hydrolyze the specific peptide bond to generate casein and
macropeptides (Rao et al, 1998). Protein hydrolysates commonly generated from casein, whey
protein and soy protein have applications as constituents of dietetic and health products, in infant
formulae, clinical nutrition supplements, beverages targeted at pregnant/lactating women and
people alergic to milk proteins, and as flavoring agents (Kumar and Takagi, 1999; Ramamurthy
et al., 1991; Rao et al., 1998, De Souza €t al, 2015).

Keratinolytic activity of alkaline protease has aso been exploited in the production of
proteinaceous fodder from waste feathers or keratin-containing materials. Dalev, 1990 and1994 and
Cheng et al, 1995 reported the use of akaline proteases (B72 from B. subtitles and B. licheniformis
PWD-1) for the hydrolysis of feather keratin, to obtain a protein concentrate for fodder production
(Gupta et al, 2002b).

1.9.2. Detergentsindustry

The use of enzymes as detergent additives represents the largest application of industria
enzymes. Proteases in laundry detergents account for approximately 25% of the total worldwide
sales of enzymes (Demain and Adrio, 2008). The use of enzymes in detergents formulations
enhances the detergents ability to remove tough stains and making the detergent environmentally

safe. Nowadays, many laundry-detergent products contain cocktails of enzymes including
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proteases, amylases, cellulases, and lipases (Hmidet et al, 2009). Alkaline proteases added to

laundry detergents enable the release of proteinaceous material from stains (De Souza et al, 2015).

1.9.3. Leather industry

The major building blocks of skin and hair are proteinaceous. The conventional methods of
leather processing involve hazardous chemicals such as sodium sulfide, which create problems of
pollution and effluent disposal(Rao et al, 1998).Alkaline proteases with elastolytic and keratinolytic
activity can be used in leather-processing industries (Gupta et al, 2002b).Increased usage of
enzymes for dehairing and bating not only prevents pollution problems, but also is effective in
saving time with better quality leather (Zambare et al, 2011).In addition, studies carried out by
different workers have demonstrated the successful use of alkaline proteases in leather tanning from
Aspergillus flavus, Streptomyces sp.,B. amyloliquefaciens and B. subtilis (Schechler and Berger,
1967).Novo Nordisk manufactures three different proteases, Aquaderm, NUE, and Pyrase, for use
in soaking, dehairing, and bating, respectively (Rao et al, 1998).

1.9.4. Silver recovery

Alkaline proteases are used in silver recovery from used X-ray films. Used X-ray film contains
approximately 1.5% to 2.0% (by weight) silver in its gelatin layers. The silver recovery by burning
film causes amajor environmental pollution problem; hence the enzymatic hydrolysis of the gelatin
layers on the X-ray film enables the recycling of both silver and poly-ester film base (Debette,
1991).

1.9.5. Silk degumming

Sericin protein, which is about 25% of the total weight of raw silk, covers the periphery of the
raw silk fibers, thus providing the rough texture of the silk fibers (Beg et al, 2002b).Silk processing
from cocoons to the finished clothing articles consists of a series of steps which include: reeling,
weaving, degumming, dyeing or printing, and finishing. Degumming is a key process during which
sericin is totally removed and silk fibers gain the typical shiny aspect and soft handle (Freddi et al,
2003).This sericin is conventionally removed from the inner core of fibroin by conducting shrink-
proofing and twist-setting for the silk yarns (Gupta et al, 2002b). The process is generaly
expensive and therefore an aternative method suggested is the use of enzyme preparations, such as

protease, for degumming the silk prior to dyeing (Freddi et al, 2003).

1.9.6. Phar maceutical and medical usage
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The wide diversity and specificity of proteases are used to great advantage in developing
effective therapeutic agents. Oral administration of proteases from Aspergillus oryzae (Luizymand
Nortase) has been used as a digestive aid to correct certain lytic enzyme deficiency syndromes.
Clostridial collagenase or subtilisin is used in combination with broad-spectrum antibiotics in the
treatment of burns and wounds. An asparginase isolated from Escherichia coli is used to eliminate

asparagines from the bloodstream in the various forms of lymphocytic leukemia (Rao et al, 1998).

Collagenolytic proteases have been directly employed in clinical therapy, includes wound
healing, treatment of sciaticain herniated intervertebral discs, treatment of retained placenta, and as
a pretreatment for enhancing adenovirus mediated cancer gene therapy (Watanabe, 2004; De
Souza et al, 2015).
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Chapter Two



Microbial keratinases
2.1. Definition

Keratinases/keratinolytic enzymes are special proteases which attack hard to degrade, insoluble
keratin substrates. They are robust enzymes displaying a great diversity in their biochemical
characteristics. They stand apart from the conventional proteases due to their broad substrate
specificity towards a variety of insoluble, keratin rich substrates (Gupta and Ramnani, 2006;
Guptaet al, 2013a).

2.2. Keratins, structure and sour ces

Keratin is a fibrous and recalcitrant structural protein and is the third most abundant polymer in
nature after cellulose and chitin. A wide spectrum of animals (mammals, fish, birds, and reptiles)
has developed diversified keratin as a structural part of their outer protection. Keratin is a structura
component of skin, hair, feather, horns, hooves, cloves, nails, beaks, reptilian osteoderm, and fish
teeth and slime (M cKittrick et al, 2012; Lange et al, 2016).

In general, keratins can be classified as Type | (small; 40-56.5 KDa and acidic) or Type Il (53-67
KDa and more basic) (Kopan and Fuchs, 1989). The structural keratinaceous proteins are
recalcitrant polymers. The recalcitrance is due to properties such as a high degree of cross-linking
by disulfide bonds, hydrogen bonds, and hydrophobic interactions. Based on their secondary
structure, keratins are classified into two major types, a-keratin and -keratin. B-Keratinisrich in 3-
pleated sheets (Meyers et al, 2008) and is found in nails, claws, shells and beaks of animas
(Wang et al, 2016b). a-Keratin consists of a-helical-coil structured strands which are self-
assembled into intermediate filaments (M cKittrick et al, 2012; Meyers et al, 2008), Figure 1 and
2.

Post-trandlational  modifications of keratin, such as the formation of disulfide bonds,
phosphorylation, and glycosylation, can result in diverse types of modified keratin filaments
(Yamada et al, 2002). The different keratin characteristics give different degrees of

bioaccessibility. Almost al keratinaceous materials (such as feathers, hair, bristles, and wool)
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possess a mixture of keratins including both a-keratin and -keratin. Ng et al, 2014 reported that a-
and B-keratins are preferentially expressed in different feather parts. It was found that feathers are
composed of 41-67% a-keratins, 33—-38% [(-keratin, and also amorphous keratin (Barone et al,
2005; Fraser and Parry, 2008). Other keratinaceous materias, such as hair, bristle, and wooal,
consist mostly of a-keratins (50-60%), matrix proteins (keratin-associated proteins located in the
amorphous space around the intermediate filaments) (20-30%), and also minor amounts of 3-
keratins (Daroit and Brandelli, 2014). B-Keratin is more accessible for degradation by some
keratinases than o-keratin because B-keratin has less disulfide bonds and exhibits the fibril and
porosity structure(Gupta and Ramnani, 2006). Hairs and feathers belong to what is called hard
keratins, based on their function, regulation, and high content of cysteine (Daroit and Brandelli,
2014). These hard keratins have diversified morphological structures and numerous disulfide bonds.
This makes them insoluble in water, in weak acid and alkaline solutions and in organic solvents,

and hard keratins are also resistant to degradation by most protease treatments.
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2.3. Sources of Microbial Keratinases

Microbial keratinases are elaborated by a compendium of microorganisms like bacteria,
actinomycetes, and fungi. Keratinase producers are mainly isolated from keratinous wastes or
keratin-rich areas such as poultry wastes (Brandelli et al, 2010), slaughterhouse wastes (Fakh-fakh
et al, 2010), tannery wastes (Khardenavis et al, 2009), and other sources (Gupta et al, 2013b), but
they are widely distributed in nature and have been isolated from a variety of habitats, such as,
antarctic soils, soybean wastes, Mediterranean Sea, solfataric muds, polluted rivers, and hot springs.
Diverse source of isolation like Amazon Basin has also been explored for keratinolytic microbes by
Giongo et al,2007; Correa et al, 2010; Daroit et al,2009.Among these, keratinolytic fungi fall in the
category of dermatophytic microorganisms as they attack a-keratin and are not regarded as safe
(Gupta and Ramnani, 2006). Therefore, here only diversity of keratinolytic bacteria and

actinomycetes of biotechnological relevance is considered.

From the literature, it can be observed that among bacteria, strains of Bacillus species are the
most prominent feather degraders and, hence, keratinase producers (Gupta and Ramnani 2006;
Zhang et al, 2009; Brandelli et al, 2010; Prasad et al, 2010). Diverse strains of Bacillus
licheniformis and Bacillus subtilis have been described for feather degradation and keratinase
production (Brutt and Ichida, 1999;Evans et al, 2000; Suh and L ee, 2001; Macedo et al, 2005;
Suntornsuk et al ,2005;Hossain et al, 2007; Kumar et al,2008a; Cai and Zheng, 2009;
Fakhfakh et al, 2009; Matikeviciene et al, 2009; Rai et al, 2009; Kumar et al, 2010; Desai €t al,
2010; Linand Yin, 2010; Mazotto et al, 2010). Other Bacillus sp., like B. pumilus, B. cereus, B.
amyloliquefaciens, B. halodurans, B. thuringiensis, B. megaterium, and B. pseudofirmus, have also
been reported for keratinase production (Kojima et al, 2006; Adiglzel et al, 2009; Cortezi et al,
2008; Park and Son, 2009; Fakhfakh et al, 2010; Infante et al, 2010; L ateef et al, 2010; Nagal
and Jain, 2010).

Besides these Bacillus sp., many other bacteria like Thermoanaerobic sp.(Riessen and
Antranikian 2001; Kublanov et al, 2009), Lysobacter (Allpress et al, 2002), Kocuria (Vidal et al,
2000; Bernal et al, 2003), Microbacterium (Thys et al, 2004), Nesterenkonia (Bakhtiar et al,
2005), Serratia (Khardenavis et al, 2009), Chryseobacterium (Wang et al, 2008; Silveira et al,
2010), Senotrophomonas(Yamamura et al, 2002; Jeong et al, 2010), Pseudomonas (Tork et al,
2010), and Vibrio (Sangali and Brandelli, 2000) have also been reported for feather degradation

and keratinase production.
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Among actinomycetes, mainly Streptomyces spp. has been reported as a keratinolytic microbes.
These have been largely isolated from poultry wastes, and few have also been reported from various
habitats like antarctic soil, Mediterranean Sea, and Lonar Lake (Chitte et al, 1999; Szabo €t al,
2000; Gushterova et al, 2005; Esway, 2007; Jaoudi et al, 2010). Highly keratinolytic
actinomycetes strains, Streptomyces flavis 2BG and Microspora aerate IMBAS-11A, were isolated
from antarctic soil (Gushterova et al, 2005). Thermophilic sp. like Streptomyces gulbargensis
(Syed et al, 2009), Sreptomyces thermoviolaceus (Chitte et al, 1999), and Sreptomyces
thermonitrificans (M ohamedin, 1999) were isolated from soil.

It can, thus, be put forth that keratinolytic microorganisms are widespread to a variety of
environment and habitat; however, generally they are selected on the basis of their capability to
degrade keratin in the form of chicken feather, wool, horn, or hove among them chicken feather is
the most preferred substrate. Till date, strains of Bacillus species are predominant among bacteria

and Streptomyces sp. among actinobacteria (Gupta et al, 2013c).

Most published work on industrial processes for degradation of keratin has focused on
commercializing and using bacterial keratinases for decomposition of keratinaceous materials
(Table 3). However, it appears to be very difficult or maybe impossible to find single-component
bacterial enzymes that can do the job alone (Lange et al, 2016). All bacterial enzymes in Table
3except the last one are from Bacillus species and classified as serine end peptidases of the
subtilisin-type belonging to the S8 protease family with a preference to cleave after hydrophobic

residues.

Table 3: Current commercial keratinolytic proteases (Lange et al, 2016).

Product name  Source of Enzyme Merops Substrates of Example of trade
enzyme function name and
protein  enzyme product
EC family provider
number
Protease PA860  Bacillus 3.4.21.62 8 Chicken (leg) bone Alcalase, Novozymes
licheniformis protein AlIS
Protease P5860  Bacillus sp. 3.4.21.62 B Keratin Esperase,
Novozymes A/S
Protease P3111.  Bacillus sp. 3.4.21.62 B Keratin Savinase,
Novozymes A/S.



Versazyme Bacillus 3.4.21.62 Simple and complex Versazyme,
licheniformis vegetable and animal BioResource
proteins, feather
International, Inc.
Prionzyme Bacillus 3.4.21.62 S8 Prion, keratin Prionzyme, Genencor
licheniformis International, Inc.
Proteinase k Tritirachium 3.4.21.64 S8 Prion, keratin Proteinase K, New
album England Biolabs

2.4. Mechanism of Keratin Degradation

Keratin hydrolysis by microorganisms is supposed to be assisted by keratinases and requires
additional involvement of reducing agent for breakdown of disulfide bonds. Release of thiol groups
has been often observed during the microbial growth on keratinous substrate which supports the
essentia role of reduction of disulfide bonds during keratin hydrolysis (Daroit et al, 2009).The
definitive mechanism(s) and exact nature of keratinolysis are highly complex and not yet fully
understood. Production of intracellular and/or extracellular disulfide reductase (Yamamura et al,
2002; Kumar et al, 2008a), sulfite and thiosulfate release, and cell-bound redox system (Gupta et
al, 2013c) also leads to sulfitolysis.

In case of fungi, mechanical pressure occurs at keratinous substrate during mycelia penetration
(Gupta et al, 2013c). Thus, it can be inferred that sulfitolysis and proteolysis may be involved in
keratin degradation. Till date, none of the purified keratinase could degrade keratin completely.

Keratin hydrolysis using purified keratinase was observed only in the presence of reducing agents,
which promote sulfitolysis (Gradisar et al, 2005). Hydrolysis of disulfide bonds changes the
confirmation of keratin and exposes more sites for keratinase action leading to keratin degradation.
Thus, it can be concluded that multiplicity of catalytic mechanisms are observed involving a variety
of microbial keratinases, i.e., serine, thiol, or metalloproteases.

However, keratin hydrolysisin nature is still a result of synergistic action of keratinolytic microbes
and their enzymes and metabolites which hydrolyze recalcitrant protein in comparison to pure
enzyme (Gupta et al, 2013c).

2.5. Biochemical Properties of Keratinases

The properties of microbial keratinases may be diverse depending on the producer
microorganism. These enzymes are predominantly extracellular, athough cell-bound and
intracellular enzymes have been described (Gupta and Ramnani, 2006; Brandéelli et al, 2010).

The reaction conditions, especially optimum pH and temperature, varies considerably.
Keratinases are usually active in alkaline conditions and reported pH optima ranges from pH 8.0 to
10.0 (Khardenavis et al, 2009; Allpress et al, 2002; Schrooyen et al, 2001; Ulfig, 2003) with
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exception of acidic pH optimawhich is usually found in case of keratinases from fungal sources and
extremely basic pH optima also exists (Tiwary and Gupta, 2010; Hassan et al, 2013). Nam and
coworkers (Wang et al, 2004) reported that keratinase from Fervidobacterium islandicum AW-1
with a temperature optima of 100°C, is one of the most thermostable keratinases reported to date.
Temperature optima of keratinases range from 40 to 80°C, as reported by various workers (Son et
al, 2008; Allpresset al, 2002; Schrooyen et al, 2001; Kannahi and Ancy, 2012; Ulfig et al, 2003;
Wang et al, 2015).

Keratinases are mostly serine type proteases with a serine residue at their catalytic site and
showing characteristic PMSF inhibition (Bressollier et al, 1999; Tiwary and Gupta, 2015;
Kannahi and Ancy, 2012; Ulfig, 2003). Metaloproteases and thiol proteaseshave aso been
reported by various workers (Tiwary et al, 2010; Sivakumaret al, 2013; Grazziotinet al, 2008;
Park and Son, 2009). Metad ions are usualy required by the enzymes for their structure
stabilization as well as proper substrate binding at the active site adong with transition state
stabilization (Verma et al, 2016).

The molecular masses of several keratinases have been determined. Despite they range from 18
to 240 kDa for Streptomyces albidoflavus (Bressollier et al, 1999) and Kocuria rosea (Bernal et al,
2006), respectively, most keratinases have less than50 kDa (Brandelli et al, 2010).

Keratinases show broad substrate specificity and are reported to be active against both soluble
and insoluble proteinaceous substrates. They have the unique ability to cleave complex, insoluble
substrates such as feather keratin, collagen, eastin, fibrin, and nail which are otherwise resistant to
degradation by conventional proteases (Evans et al, 2000). Keratinases efficiently hydrolyze
soluble protein substrates like casein, azocasein, bovine serum abumin, gelatin, and insoluble
proteins like azokeratin, collagen, elastin, feather, horn, hair, nail, silk, stratum corneum, wool, and
skin. Study on synthetic p- nitroanilide substrates indicated that keratinase preferably cleaves at
hydrophobic and aromatic amino acids at P1 position (Bressollier et al, 1999; Evans et al, 2000,
Gradisar et al, 2005; Brandelli et al, 2010; Gupta et al, 2013c).

Biochemical properties of keratinases have been extensively studied by many workers (Gupta
and Ramnani, 2006; Brandelli et al, 2010) highlighting the industrial potential related to
keratinase research (Verma et al, 2016).

2.6. Molecular characterization of ker atinases
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Till date, many keratinase genes from different bacteria such as Bacillus licheniformis PWD-
lkerA, Bacillus licheniformis OWU 1411T (Accession number; Acc. no AF282893), Bacillus
licheniformis RG1 (Acc no. AY590140), Bacillus licheniformis RG2 (Acc no. AY817143), Bacillus
licheniformis MKUZ2 (Acc no. DQO071569), Bacillus licheniformis MKU3 (Acc no. DQO071570),
Bacillus subtilis aprA (Zaghloul, 1998), Bacillus mojavensis (Acc no. AY665611), Bacillus
pumilus (ACM477351), Bacillus pumilus KS12 (HM219183), Bacillus sp. JB99 (ADD644651),
Bacillus licheniformis RPk (ACA979911), Bacillus cereus (AAR192201), Fervidobacterium
pennivorans (Kluskens et al, 2002), actinomycetes Nocardiopsis sp. TOA-1 NAPase (Mitsuiki et
al, 2004), Sreptomyces fradiae (Li et al,2007), and Pseudomonas aeruginosa (Lin et al, 2009)
have been cloned and sequenced (Gupta et al, 2013c) and many of them have been successfully
expressed in various heterologous hosts (Gupta et al, 2013a).The nucleotide sequences of enzymes
serve as a prelude to their phylogenetic analysis and assist in deciphering structure-function
relationships.

The N-termina sequences of a number of keratinases have been comprehensively analysed and
reviewed by Gupta and Ramnani (2006) and Brandelli et al, 2010. Depending on the microbial
source, keratinases produced by each class and group share a high degree of similarity in their N-
termina sequences. Most of characterized keratinases isolated from the Bacillus sp. found to be
subtilisin-like proteases, belonging to the serine proteases(S8 family) and have very high (>90%)
N-terminal sequence homology with the subtilisin Carlsberg produced by B. licheniformis
(Brandédlli et al, 2010; Lange et al, 2016).Further analysis of some keratinases by multiple
sequence alignment revealed that The catalytictriad of Aspl91, His 252 and Ser 441 are totaly
conserved throughout all the diverse keratinases along with high level of conservation in the
oxyanion holeregion (GVVVVAAAGN), (Gupta et al, 2013a).

2.7. Applications of microbial keratinases

Keratinases from microorganisms have attracted a great deal of attention in the recent decade as
specia proteases with their extended substrate spectrum as they act on insoluble structural proteins.
Today, due to their wide substrate specificity, they are considered as better catalyst for their
application in conventional protease sectors like feed, fertilizer, detergent, leather, and
pharmaceutical/biomedical industries. Apart from these, they are indispensible for their application
in keratin waste management especially chicken feather wastes. Keratinases are special proteases

which act on structural proteins.

a7



2.7.1. Recycling of keratinous wastes

Keratinous wastes are a magjor by-product of poultry, slaughterhouse, leather- and fur-processing
industries, and are abundantly generated in various forms such as feather, hair, horn, hoof, nails,
claws, wool, and bristles (Kornillowicz-K owalska and Bohacz 2011, Karthikeyan et al, 2007;
Gupta et al, 2013b).Among these, feather constitutes a major portion as poultry wastes with8.5
million metric tonnes of poultry waste was produced worldwide annually; India contributes about
3.5 million tonnes (Gupta et al, 2013a), the United State 1.8 million tonnes and the United
Kingdom 1.5 million tonnes(Okoroma et al, 2012; Pur chase, 2016).

These feathers are generally land filled or burnt which cause environmental problems (Vasileva-
Tonkova et al, 2009). Feathers are made up of more than 90% protein and rich in hydrophobic
amino acids and essential amino acids like cysteine, arginine, and threonine (Coward-Kelly et al,
2006). Nowadays, feathers are converted into feather meal and used as poultry feed, cattle feed, fish
feed, etc. (Brandeli et al, 2010). Most popular method of conversion of feathers is by
hydrothermal process where feather is cooked under high pressure at high temperature (Onifade et
al, 1998; Gousterova et al, 2003; Gupta and Ramnani, 2006). This hydrothermal treatments
result in the destruction of essential amino acids like methionine, lysine, tyrosine, and tryptophan
and produced feather meal that has poor digestibility and low nutritional value (Papadopolous et
al, 1986; Wang and Parsons, 1997). In the last decade, bioconversion of feather into feather meal
using feather degraders has gained importance. These microbes offer considerable opportunities for
bioconversion of poultry feathers from a potent pollutant to a nutritionally upgraded protein-rich
feedstuff for livestock (Onifade et al, 1998). Bioconversion of feather into feather meal and
improvement as poultry feed has been studied extensively (Onifade et al, 1998; Grazziotin et al,
2006). Biodegradation of feather can be achieved either by crude culture filtrate containing

keratinases or by cultivation of keratin-degrading microorganism (Gupta and Ramnani, 2006).

2.7.2. Production of Fertilizer for organic farming

Composting of keratinous wastes utilizing keratinolytic microorganisms results in slow release
of a nitrogen fertilizer and hence can be employed in organic farming. This has emerged as one of
the safest and most cost effective technology to employ the keratinous waste. Being nitrogen rich,
keratinous wastes can be used as an attractive and economically feasible co-substrate for compost.
This can be used as rich nitrogen supplement to support plant growth, promote plant microbe
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interactions, improve soil texture, enhance soil health status, and prevent soil erosion (Verma et al,
2016; Gupta et al, 2013c).

2.7.3. Leather and Textile Industry

Keratinolytic enzymes not showing collagenolytic and having mild elastolytic activities are
being increasingly explored by the leather industry, particularly for dehairing processes,
representing a suitable aternative to the conventional tannery processes which utilize sulfide
(Friedrich et al,2005; Anbu et al, 2005; Macedo et al, 2005; Giongo et al, 2007; Wang et al,
2007; Prakash et al, 2009). In the traditional process, hair is gelatinized and converted into a pulp,
whereas in the enzymatic process the hair remains intact (Pillai and Archana, 2008). Therefore,
the utilization of keratinolytic enzymes might contribute to the production of high-quality leather,
also resulting in improvement of wastewater quality and reduced pollution (Riffel et al, 2003;
Giongo et al, 2007).1n this respect, many keratinases from Bacillus halodurans PPK S2 (Prakash et
al, 2009), Bacillus halodurans JB99 (Shrinivas and Nayak, 2011),Bacillus cereusM CM-B-326
(Nilegaonkar et al, 2007), and Paenibacillus woosongensis TKB2 (Paul et al, 2013) were
demonstrated for dehairing of goat and buffalo skin (Gupta et al, 2013c).

Raw silk requires degumming to remove a fibrous protein, sericin that cements the fibroin fibers
together, so as to provide the fibers luster and soft feel. This process is aso important for
subsequent dyeing. Enzymatic treatments by way of proteases such as Degummase, Papain, Trysin,
Pepsin, Alcalase, Savinase, Protease A Amano, Protease N Amano, Protease M Amano, and
Palkobate are now in focus over the conventional methods (More et al, 2013, Sumana et al, 2013).
However, most of the proteases are characterized by a low degree of specificity towards sericin
(Freddi et al, 2003) (Gupta et al, 2013b). Thus, enzymes with better specificity are the need of the
hour and keratinases with their wide substrate range can be exploited for degumming of silk and
finishing textile fibers like wool. They finish the fibers and increase smoothening, shining, and
dying capacity (Riessen and Antranikian, 2001; Cao et al, 2009).

2.7.4. X-ray film reutilization

X-ray films, which are widely utilized in research and medical services, are made up of
polyterephthalate (PET) and has emulsion based coating on both sides which is responsive to light.
In the coating of the X-ray films are metalic silver impregnated in a gelatin layer. After
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radiography the used photographic/X-ray films are the cause of solid waste problems because most
of them still contain the metalic silver and the plastic PET base.

Traditional ways of silver recovery from used X-ray films involves incineration and acid
treatment. In the conventional method of incineration, silver is recovered but the PET base does not
and the process is costly and forms secondary pollutants such as smoke and soot. Similarly, the acid
treatment involves the leaching of a gelatin layer with strong acid solution which leads to the
problem of the acid effluent produced after silver recovery. Contrarily, keratinolytic enzymes offer
an eco-friendly method of silver recovery from X-ray/photographic films because they can use
gelatinas a substrate thus resulting in release of metallic silver in the reaction solution and the
undistracted PET base (Gradisar et al, 2005; Han et al, 2012; Verma et al, 2016).

2.7.5. Detergent Industry

Proteases are widely utilized in the detergent industry as safe alternative replacing harmful
chemicals such as caustic soda. Nowadays, many of the top brands in the detergent industry contain
proteases as a key intermediate (Nescient and martin, 2006). Keratinolytic proteases have an upper
handover general proteases as they can act on stained surfaces such as shirt collars and sleeve heads
more efficiently (Jeong et al, 2010) Various studies demonstrated the ability of keratinases for
detergent stability and compatibility as well as their cleaning potentia for different stains
(Gradisar et al, 2005; Park et al, 2009; Paul et al, 2014; Zarai Jaouadi et al, 2015). Apart from
use in washing detergents, keratinases are also used as an additive in lens cleaning solutions and for

drain cleaning etc (Vermaet al, 2016).

2.7.6. Biological control

The potential for keratinases to act as a biological control agent has been explored by severa
research groups recently. Keratinase produced by Senotrophomonas maltophilia R13 is effective
against several funga pathogens including Fusarium solani, F. oxysprum, Mucor sp. And
Aspergillus niger that cause diseases in valuable plants and crops (Jeong et al, 2010). Similarly,
keratinase produced by Thermoactinomyces also showed antifungal properties (Gousterova et al,
2012). Yue et al, 2011 reported that the keratinase produced by Bacillus sp. 50-3 has the ability to
work effectively against agricultural pests such as root-knot nematodes (Meloidogyne incognita).
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2.7.7. Biofue Production

Poultry waste can be utilized as a source of bioenergy. Keratinolytic microorganisms and their
keratinases cane utilized for generation of natural gas (Puhl et al, 2009) methane gas fuel pellets
(Gushterova et al, 2005), and biohydrogen production (Saha et al, 2013). Conversion of keratinous
byproducts into fuels may address the emerging interest for energy conservation and recycling.
Poultry waste can be utilized for biodiesel production and the remaining protein rich feather meal
makes an excellent animal feed (Anbu et al, 2007). This will result in the creation of an extra
economic benefit to poultry farmers. This work can be much more elaborated by utilizing
keratinolytic microorganisms for fermentation of the resultant feather meal after biodiesel
production for the production of keratinase in a cost effective manner and the further spent

fermented material can act as slow release nitrogenous fertilizer (Verma etal, 2016).

Chicken feather waste pre-treated with a recombinant B. megaterium strain showing keratinase
activity prior to biogas production, was able to produce methane in the order of 0.35 Nm%kg dry

feathers, corresponding to 80% of the theoretical value on proteins (Forgacs et al, 2011, 2013).

2.7.8. Cosmetics/Personal Care Products

Hair comprises mainly of keratin protein (90%) and a small amount of lipid (1-9%). Keratin
hydrolysates are efficient restorers in hair care processes, they contain active peptides that repair
and condition the hair (Villa et al, 2013). Most keratin hydrolysates for hair care products are
obtained from nails, horns and wool via chemical hydrolysis and hydrotherma methods (Bar ba et
al, 2008). However, using microbial keratinases to obtain keratin hydrolysis is aso gaining
popularity. Crude chicken feather hydrolysate produced by S. maltophilia is found to be protective
to hair, as evidenced by the improved flexibility and strength for both normal and damaged hair
(Cao et al, 2012). Villa et al, 2013successfully formulated a mild shampoo and a rinse off
conditioner with the enzymatic hydrolysate which appeared to increase the brightness and softness

of hair.

Keratinases also found applications in other personal care products (Gupta et al, 2013b)
including: cosmetic skin whitening and bleaching (Yang, 2012), exfoliation and removal of stratum
corneum (Ding and Sun, 2009), remova of corns and caluses (Encarna and Elena 2011),
treatment of acne (Spyros, 2003) due to the build-up of sebum caused by blockage of hair-shafts by
excess keratin, and anti-dandruff shampoo (Selvam and Vishnupriya, 2012). Proteos Biotech

produces two types of commercial products. Keratoclean® Hydra PB and PurelO0 Keratinase, for
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the removal of corns and calluses; and Keratoclean Sensitive PB and Keatopeel PB for the
treatment of acne (Gupta et al, 2013b; Lange et al, 2016).

2.7.9. M edical/Phar maceutical Applications

2.7.9.1. Enhanced Drug Delivery

The two most common diseases affecting the nail unit are onychomycosis (fungal infections of
the nail plate and/or nail bed) and psoriasis (an immune-mediated disease causing nail pitting and
onycholysis detachment of the nail from the nail bed) (Murdan, 2002). The nail plate consists
mainly of 80% *‘hard’ keratin and 20% soft keratin (Lynch et al, 1986). In order to deliver an
effective topical treatment for nail disease, it is necessary for the hard keratin of nail plate to be
weakened or compromised. Keratinases are effective instruments to hydrolyze the nail keratins as
they cleave the disulphide linkage to increase the access of drug treatment, thus they can act as
ungula enhancers (Gupta et al, 2013a). Commercial products involving keratinases for the
treatment of nail disorders include FixaFungus™ by FixaFungus and Kernail-Soft PB by
PreteosBiotech (Gupta et al, 2013b).

The ability of keratinases to hydrolyze keratin can also be applied in wound hedling. In third
degree burns, the avascular nature of the wound eschar may prevent effective diffusion of systemic
antimicrobia agents to the wound where the amount of microorganisms is usually very high
(Manafi et al, 2008). Enzymatic debridement of the wound will enhance penetration of the
topically administered antibiotics and encourage wound healing (Krieger et al, 2012).

2.7.9.2. Prion protein management

Prions are the whole protein particles without nucleic acids with an unknown function in brain
cells (Verma et al, 2016). Prion proteins (PrP) are causative agents of transmissible spongiform
encephalopathies (TSE)(Suzuki et al, 2006; Hui et al, 2004), which are a unique group of fatal
neurodegenerative diseases of humans and animals that are both inheritable and infectious (Wang
et al, 2005). Bovine Spongiform Encephalopathy (BSE) in cow popularly known as ‘“Mad Cow
Disease’’, scrapie in sheep and goat, chronic wasting disease (CWD) in elk and deer, transmissible
mink encephalopathy (TME) in mink and kuru and Creutzfeldt-Jakob Disease (CJD) in human are
types of TSE (Suzuki et al, 2006). Infectivity by prions is accompanied by the conversion of
harmless PrP*° to infectious PrP™, facilitated by PrP> itself (Gupta and Ramnani, 2006; Hui et al,
2004). In contrast to PrP°, PrP™ is insoluble (Wang et al, 2005) and resistant against proteolytic
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digestion (Muller-Hellwiga et al, 2006).The structure of PrP> has high B-sheet content (Hui et al,
2004; Wang et al, 2005). Due to its structural stability, PrP™ is resistant to common disinfection
processes such as heat and autoclaving. It can be transmitted by contaminated food and feed
prepared from infected animal tissues (Wang et al, 2005).

Shih and coworkers at BioResource International (BRI, North Carolina) have reported that the
broad-spectrum keratinase PWD1 (Versazyme) is capable of completely degrading prions from
brain tissue of bovine spongiform encephalopathy (BSE) - and scrapie-infected animals in the
presence of detergents and heat treatment. Furthermore, proteinase K, Alcalase, and subtilisin
Carlsburg, all serine proteinases, were also able to fully degrade PrP> under the same conditions,
including pre-heating and the presence of the detergent (Suzuki et al, 2006). The enzymatic
breakdown of prions would most importantly help revive the use of animal mea as feed, which
faced much criticism by the European Union despite its high nutritive value due to risk of TSE
(Gupta and Ramnani, 2006). A thermophilic keratinase from Bacillus sp.WF146 disintegrates
prion protein at 80°C (Liang et al, 2010). Three commercia keratinase-based enzymes are
marketed for degradation of infectious prion proteins. Versazyme® is manufactured by BRI,
Purel00 Keratinase™ is produced by Proteos Biotech and Prionzyme™ produced by Genencor
International (Gupta et al, 2013Db).

These enzymatic methods have aso been used in the decontamination of precision instruments
that are susceptible to prion contamination (Yoshioka et al, 2007). Prionzyme™ is currently the
only effective enzyme-based decontamination technology that demonstrates significant removal of
prion from medical and dental instruments (Gupta et al, 2013b).

2.7.10. Other Applications

Keratinases could be used in wastewater treatment to remove clogs in bathroom drain pipes and
to clear obstructions in sewage system (Takami et al, 1992; Chitte et al, 1999; Tapia and
Contiero, 2008).Nowadays, the use of biodegradable films, coatings, and glues is gaining
importance. In this respect, processed keratinous wastes have been used for the formation of
biodegradable products (Schrooyen et al, 2001; Schrooyen and Radulf, 2004; Gupta and
Ramnani, 2006). Presently, one of the emerging applications of the keratinous wastes, such as
hairs, feathers, fur, hooves, horns etc. is in the preparation of agro-textiles i.e. fruit covers, crop
covers, edible films having biodegradable feature (Abdel-Fattah, 2013; Chitte et al, 1999). Thus,
keratinases have many potential applications which require extensive exploration.
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Chapter Three



Genome Sequencing and Annotation

3.1. Genome Sequencing Technologies

The ability to sequence the DNA of an organism has become one of the most important tools in
modern biological research (Imelfort and Edwards, 2009).Determining the genome sequence of
an organism opens new avenues in deciphering the phenotypic characteristics, physiology, and
ecology of the organism in question. The Whole Genome sequencing (WGS) has alowed for
detailed phylogenetic analysis of many important pathogens. Studies of their spread on a global and
local scale, as well as their response to pressure from therapeutics and the human immune response,
are made possible by these analyses.DNA sequencing technologies have revolutionized biology
(Pop, 2009).

After the first bacterial genome was completely sequenced and published in 1995 (Fleischmann
et al, 1995; Fraser et al, 1995), the number of sequenced genomes has continued to increase
dramatically in the last 10 years (Figure 3). In 2006 there were about 300 sequenced bacterial
genomes and only two published metagenomic projects; this represented growth of more than 100-
fold from the mere two genomes sequenced in 1995. (Binnewies et al, 2006). There are more than
30, 000 sequenced bacterial genomes publically available in 2014 (Nationa Center for
biotechnology Information: NCBI, 2014) (Land et al, 2015).

This wedath of data has resulted from the introduction of Next-Generation Sequencing
technologies (NGS) or massively parallel sequencing technol ogies generating more data rapidly and
at thousands of times lower cost(Wetterstrand, 2011).For almost 30 years, the Sanger method
waste leading technology in genome sequencing. This method generates low-throughput long reads
(800-1000 bp) with high costs. Since the emergence of next-generation sequencing technology,

sequencers can produce vast volumes of data (up togigabases ) during a single run with low costs
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(EI-Metwally et al, 2013).The NGS technologies are different from the Sanger method in aspects of
massively paralée analysis, high throughput, and reduced cost (Liu et al,2012;Voelkerdinget al,
2009). They can produce over 100 times more data compared to the most sophisticated capillary
sequencers based on the Sanger method. With the ongoing developments of high throughput
sequencers and advancement of modern bioinformatics tools at unprecedented pace, the target goa
of sequencing individual genomes of living organism at a cost of $1,000 each seemed to be
redistically feasible in the near future (Pareek et al, 2011).

Number of genomes sequenced
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Figure3: Number of bacterial and archaeal genomes sequenced each year
and submitted to NCBI. Source: GenBank prokaryotes.txt file
downloaded 4 February 2015

56



3.2. Development of DNA Sequencing Technologies

There are a number of different NGS platforms using different sequencing technologies.
However, all NGS platforms perform sequencing of millions of small fragments of DNA in parallel.
Bioinformatics analyses are used to piece back together these short fragments or reads into longer
continuous stretches of sequence (contigs) and contigs are typically joined to form longer stretches
of sequence (known as scaffolds), (Behjati and Tarpey, 2013; Ekblom and Wolf, 2014).

For ease of discussion, we can categorize the progress of sequencing technology into three
generations.

3.2.1. First Generation Technologies or platforms

First Generation Technologies encompasse the chain termination method pioneered by Sanger
and Coulson in 1975 and the chemica method of Maxam and Gilbert in 1976-1977
(Niedringhaus et al, 2011). In 1977, Frederick Sanger developed DNA sequencing technology
which was based on chain-termination method (also known as Sanger sequencing), and Walter
Gilbert developed another sequencing technology based on chemical modification of DNA and
subsequent cleavage at specific bases. Because of its high efficiency and low radioactivity,
Sanger sequencing was adopted as the primary technology in the “first generation” of laboratory
and commercial sequencing applications (Liu et al, 2012). At that time, DNA sequencing was
laborious and radioactive materials were required. After years of improvement, Applied
Biosystems introduced the first automatic sequencing machine (namely ABI370) in 1987,
adopting capillary electrophoresis which made the sequencing faster and more accurate. AB1370
could detect 96 bases at one time, 500K b a day, and the read length could reach 600 bases. The
current model ABI3730xI can output 2.88Megabases per day and read length could reach 900
bases since 1995. Emerged in 1998, the automatic sequencing instruments and associated
software using the capillary sequencing machines (Collins et al, 2003). Sanger technology was
used in the sequencing of the first human genome, which was completed in 2003 through the
Human Genome Project, a 13-year effort with an estimated cost of $2.7 billion (Wheeler et al,
2008).
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This project greatly stimulated the development of powerful novel sequencing instrument to
increase speed and accuracy, while simultaneously reducing cost and manpower. Not only this, X-

prize also accelerated the development of NGS technologies (http://genomics.xprize.org/).
3.2.2. Next Generation Sequencing or more precisely second gener ation sequencing platforms

NGS platforms share a common technological feature massively parallel sequencing of clonaly
amplified or single DNA molecules that are spatially separated in a flow cell. This design is a
paradigm shift from that of Sanger sequencing, which is based on the electrophoretic separation of
chain-termination products produced in individual sequencing reactions. In NGS, sequencing is
performed by repeated cycles of polymerase-mediated nucleotide extensions or, in one format, by
iterative cycles of oligonucleotide ligation. As a massively parallel process, NGS generates
hundreds of megabases to gigabases of nucleotide sequence output in a single instrument run,
depending on the platform (Voelkerding et al, 2009).

3.2.2.1. Roche 454 system

Roche 454 was the first commercia second-generation sequencing system, produced by 454
Technologies and commercialized by Roche (Imelfort and Edwards, 2009; Liuet al, 2012;
Margulies et al, 2005; Zhou et al, 2010). The GS FLX system based on sequencing-by-synthesis
with pyrophosphate chemistry (Zhou et al, 2010).

In this system, the DNA sample is first sheared into fragments via nebulization or sonication.
Fragments several hundred base pairs in lengthier end-repaired and ligated to two adapter
oligonucleotides, an A-adaptor and a B-adaptor (Voelkerding et al, 2009). The adaptors provide
priming sites for amplification and sequencing, as well as a specia key sequence. The B-adaptor
also contains a 5’-biotin tag that enables the immobilization of library fragments onto streptavidin-
coated magnetic beads. The double-stranded products bound to the beads are then denatured to
release the complementary non-biotinylated strands containing both an A- adaptor sequence and a
B-adaptor sequence. These denatured strands form the single-stranded template DNA library
(FiguredA). For DNA amplification, the Genome Sequencer system employs emulsion-based
clonal amplification, called emPCR (Dressman et al, 2003). The single-stranded DNA library is
immobilized by hybridization onto primer-coated capture beads. The process is optimized to
produce beads where a single library fragment is bound to each bead. The bead-bound library is
emulsified along with the amplification reagents in a water-in-oil mixture. Each bead with a single

library fragment is captured within its own emulsion micro reactor, where the independent clona
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amplification takes place. After amplification, the microreactors are broken, releasing the DNA-
positive beads for further enrichment (Figure4B).For sequencing, the DNA beads are layered onto
a PicoTiter-Plate device, depositing the beads into the wells, followed by enzyme beads and
packing beads. The enzyme beads contain sulfurylase and luciferase, which are key components of
the sequencing reaction, while the packing beads ensure that the DNA beads remain positioned in
the wells during that sequencing reaction (Figure4C). The fluidics sub-system delivers sequencing
reagents that contain buffers and nucleotides by flowing them across the wells of the plate.
Nucleotides are flowed sequentially in a specific order over the PicoTiter-Plate device. When a
nucleotide is complementary to the next base of the template strand, it is incorporated into the
growing DNA strand by the polymerase. The incorporation of a nucleotide releases a pyrophosphate
moiety. The sulfurylase enzyme converts the pyrophosphate molecule into ATP using adenosine
phosphosulfate. The ATP is hydrolyzed by the luciferase enzyme using luciferin to produce
oxyluciferin and give off light. The light emission is detected by a charge-coupled device CCD
camera, which is coupled to the PicoTiter-Plate device (Zhou et al, 2010). With the flow of each
dNTP reagent, wells are imaged, analyzed for their signal-to-noise ratio, filtered according to
quality criteria, and subsequently agorithmically trandated into a linear sequence output
(Voelkerding et al, 2009).The light emitted from a particular well indicates the incorporation of
nucleotides (Figured4D), (Zhou et al, 2010a) and the intensity is proportiona to the number of
incorporated nucleotides (Petter sson et al, 2009).

With the newest chemistry, termed “Titanium” a single GS FLX run generates
approximately1x10° sequence reads, with read lengths of =400 bases yielding up to 500 million base
pairs (Mb)of sequence per 10 h instrument run (Voelkerding et al,2009;Zhouet al, 2010).A maor
limitation of the 454 technology relates to resolution of homopolymer-containing DNA segments,
such as AAA and GGG (Rothberg and Leamon, 2008).Because pyrosequencing relies on the
magnitude of light emitted to determine the number of repetitive bases. Another disadvantage of
454 sequencing platform is that the per-base cost of sequencing is much higher than that of other
nextgeneration platforms (Zhou et al, 2010b)
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Figure 4: The GS FLX system working principle. (A) Prepare adapter ligated ssDNA library
(A-[insert]-B). (B) Emulsion-based clona amplification. (C) Depositing DNA beads into the
PicoTiter™ plate. (D) Sequencing and base calling, (Zhou et al,2010).
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3.2.2.2. Illumina Sequencing

The Illumina sequencing technology is based on the ideas of the British chemists Shankar
Balasubramanianand David Klenerman. They founded Solexa in 1998, and their goa during early
development of sequencing single DNA molecules was not achieved. By 2006, the Solexa Genome
Analyzer (GA), the first “short read” sequencing platform, was commercialy launched. Acquired
by [llumina (http://www.lllumina.com) a year later (Voelkerding et al, 2009).

The working principle (Figure 5) is sequencing by synthesis chemistry using fluorescently
labeled nucleotides with reversible termination chemistry and modified polymerases for improved
incorporation of nucleotide analogues. (Liu et al, 2012; Zhou et al, 2010a; Zhou et al, 2010b;
Niedringhaus et al, 2011). Template DNA is fragmented into lengths of severa hundred base pairs
and end-repaired to generate 5’-phosphorylated blunt ends. The polymerase activity of Klenow
fragment is used to add a single A base to the 3’ end of the blunt phosphorylated DNA fragments.
This addition prepares the DNA fragments for ligation to oligonucleotide adapters, which have an
overhang of a single T base at their 3° end to increase ligation efficiency. The adapter
oligonucleotides are complementary to the flow-cell anchors. Under limiting-dilution conditions,
adapter-modified, single-stranded template DNA is added to the flow cell and immobilized by
hybridization to the anchors (Voekerding et al, 2009). In contrast to emulson PCR, DNA
templates are amplified in the flow cell by “bridge PCR amplification” (Adess et al, 2000;
Fedurco et al, 2006), which relies on captured DNAstrands “arching” over and hybridizing to an
adjacent anchor oligonucleotide. Multiple amplification cycles convert the single-molecule DNA
template to a clonally amplified arching “cluster,” with each cluster containing approximately 1000

clona molecules.

Approximately 50x10° separate clusters can be generated per flow cell. For sequencing, the
clusters are denatured, and a subsequent chemical cleavage reaction and wash |leave only forward
strands for single-end sequencing. Sequencing of the forward strands is initiated by hybridizing a
primer complementary to the adapter sequences, which is followed by addition of polymerase and a
mixture of four different terminator nucleotides. These nucleotides contain different cleavable
fluorescent dye and a removable blocking group. The nucleotides are incorporated according to
sequence complementarity in each strand in a clona cluster. Each nucleotide is 3'-OH blocked to
prevent further addition (Voelkerding et al, 2009).After incorporation into the DNA strand, the
terminator nucleotide as well asits position on the support surface are detected and identified viaits

fluorescent dye by the CCD camera. The terminator group at the 3’endof the base and the

62



fluorescent dye are then removed from the base and the synthesis cycle is repeated. This series of
steps continues for a specific number of cycles, asdetermined by user-defined instrument settings
(Zhou et al, 2010a).

Incomplete incorporation of nucleotides and insufficient removal of reverse terminators or
fluorophores may be the explanation for the relatively short read length of 35 bases (Petter sson et
al, 2009).

Although shorter read lengths than the454 system, the throughput is much higher. At first,
[llumina GA output was 1 giga basepairs (Gbp)/run. Through improvements in polymerase, buffer,
flow cell, software, and the use of paired-end (PE) sequencing in 2009 the output of GA increased
to 20 Gbp/run in August (75PE), 30Gbp/run in October (100PE), and 50 Gbp/run in December
(Truseq V3, 150PE), and the latest GAllx series can attain 85 Gbp/run.

In early 2010, Illumina launched HiSeq 2000, which adopts the same sequencing strategy with
GA. Its output was 200Gbp per run initialy, improved to 600Gbp per run currently which could be
finished in 8 days. MiSeq, a benchtop sequencer launched in 2011which shared most technologies
with HiSeq, is especialy convenient for amplicon and bacterial sample sequencing. It could
sequence 150PE and generate 1.5Gbp/run in about 10 hours including sample and library
preparation time (Liu et al, 2012).
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Figure 5: Theworking principle of the Illumina sequencing platform.

Adapter-modified, single-stranded DNA is added to the flow cell and immobilized by
hybridization. Bridge amplificationgenerates clonally amplified clusters. Clusters are denatured
and cleaved; sequencing is initiated with addition of primer, polymerase (POL) and 4 reversible
dye terminators. Post-incorporation fluorescence is recorded. The fluorescent dye and block are
removed before the next synthesis cycle (Voekerdinget al, 2009).



3.2.2.3. SOLiD™ Sequencing

Sequencing by Oligo Ligation Detection (SOLiD) was purchased by Applied Biosystems in
2006. The sequencer adopts the technology of two-base sequencing based on ligation sequencing
(Liu et al,2012).This platform has its origins in the system described by Shendure et al, 2005and in
work by McKernan and colleagues 2006 at AgencourtPersonal Genomics (acquired by Applied
Biosystems in2006).

The generation of a DNA fragment library and the sequencing process by subsequent ligation
steps are shown in Figure 6. Sample preparation shares similarities with the 454 Technology in that
DNA fragments are ligated to oligonucleotide adapters, attached to beads, and clonally amplified by
emulsion PCR. Beads with clonally amplified template are immobilized onto a derivitized-glass
flow-cell surface, and sequencing is begun by annealing a primer oligonucleotide complementary to
the adapter (Figure 6). Instead of providing a 3’ hydroxyl group for polymerase-mediated
extension, the primer is oriented to provide a 5° phosphate group for ligation to interrogation probes
during the first “ligation sequencing” step. Each interrogation probe is an octamer, which consists
of (in the 3’ to 5’ direction) 2 probe-specific bases followed by 6 degenerate bases with one of 4
fluorescent labels linked to the5” end. The 2 probe-specific bases consist of one of 16possible 2-
base combinations (for example TT, GT, and so forth). In the first ligation-sequencing step,
thermostable ligase and interrogation probes representing the 16 possible 2-base combinations are
present. The probes compete for annealing to the template sequences immediately adjacent to the
primer. After annealing, aligation step is performed, followed by wash removal of unbound probe.
Fluorescence signals are optically collected before cleavage of the ligated probes, and a wash is
performed to remove the fluor and regenerate the 5’ phosphate group. In the subsequent sequencing
steps, interrogation probes are ligated to the 5 phosphate group of the preceding pentamer. Seven
cycles of ligation, referred to as a “round, «are performed to extend the first primer. The
synthesized strand is then denatured, and a new sequencing primer offset by 1 base in the adapter
sequence (n-1) is annealed. Five rounds total are performed, each time with a new primer with a
successive offset (n-2, n-3, and so on). By this approach, each template nucleotide is sequenced
twice (Voelkerding et al, 2009).

The read length of SOLiD was initially 35 bp reads and the output was 3G data per run with an
accuracy of 99.85% after filtering. In late 2010, the SOLiD 5500x| sequencing system was rel eased.
From SOLIiD to SOLiD 5500xl, five upgrades were released by ABI in just three years. The SOLiD
5500xI realized improved read length, accuracy, and data output of 85 bp, 99.99%, and 30G per run,
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respectively. But the short read length and resequencing only in applications is still its major
shortcoming (Liu et al, 2012).

In conclusion, of the three NGS systems described before, the Illumina features the biggest

output and lowest reagent cost, the SOLID system has the highest accuracy (Huse et al, 2007), and
the Roche 454 system has the longest read length (Liu et al, 2012).
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Figure 6: Applied Biosystems SOLID Technology

Top: SOLIiD color-space coding. Each interrogation probe is an octamer, which consists of (3’-to-5’
direction) 2 probe-specific bases followed by 6 degenerate bases (nnnzzz) with one of 4 fluorescent
labels linked to the 5” end. The 2 probe-specific bases consist of one of 16 possible 2-base
combinations. Bottom: (A), The P1 adapter and template with annealed primer (n) is interrogated by
probes representing the 16 possible 2-base combinations. In this example, the 2 specific bases
complementary to the template are AT. (B), After annealing and ligation of the probe, fluorescence
is recorded before cleavage of the last 3 degenerate probe bases. The 5’ end of the cleaved probe is
phosphorylated (not shown) before the second sequencing step. (C), Annealing and ligation of the
next probe. (D), Complete extension of primer (n) through the first round consisting of 7 cycles of
ligation. (E), The product extended from primer (n) is denatured from the adapter/template, and the

second round of sequencing is performed with primer (n-1), (V oelker dinget al,2009).
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3.2.2.4. Paired-end sequencing

A major advance in NGS technology occurred with the development of paired-end (PE)
sequencing (Figure 7). PE sequencing involves sequencing both ends of the fragments in the
sequencing library and aligning the forward and reverse reads as read pairs (Nakazato et al, 2013,
[ llumina 2016).Paired-end sequencing was already described in 1981 by Hong (Hong, 1981), and
the first use of paired-end sequencing was described by Ewards and Caskey in 1990 (Edwar ds and
Caskey, 1991). Read pairs can be obtained by one of two mechanisms: paired ends or mate pairs.

In paired-end sequencing, alinear fragment with a length of less than 1 kb has adapter sequences
at each end with different priming sites on each adapter. The sequencing instrument is designed to
sequence from one adapter priming site then, in a subsequent reaction, the opposite adapter is
primed and sequence data are obtained. These reads are paired with one another during the
alignment step in data analysis, which provides higher overall certainty of placement than does a
single end read of the same length (Mardis, 2013).Mate pair library preparation is designed to
generate short fragments consisting of two segments that originaly had a separation of several
kilobases in the genome. Fragments of sample genomic DNA is end-biotinylated to tag the eventua
mate pair segments. Self-circularization and refragmentation of these large fragments generates a
population of small fragments, some of which contain both mate pair segments with no intervening
sequence. These mate pair fragments are enriched using their biotin tag. Mate pairs are sequenced

using asimilar two-adaptor strategy as described for paired-end sequencing (I llumina, 2010).

Often, mate-pair and paired-end reads are used in combination to achieve genome coverage
when attempting longer-range assemblies through difficult regions of a genome or when attempting
to assemble a genome for the first time (de novo sequencing). In this combined coverage approach,
the mate-pair reads provide longer-range order and orientation (a separation of up to 20 kb is
possible), and the paired ends provide the ability to assemble, in a localized way, difficult-to-
sequence regions that can then be layered on top of the scaffold provided by an assembly of mate-
pair reads (M ardis, 2013; Illumina, 2010).Mate-pair library sequencing is significant beneficial for
de novo sequencing, because the method could decrease gap region and extend scaffold length (Liu
et al, 2012).
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Figure 7: Paired-end sequencing.

3.2.2.5. Other NGStechnologies
3.2.2.5.1. lon Personal Genome Machine (PGM) from lon Torrent

lon PGM was released at the end of 2010by lon Torrent, a company that was later purchased by
Life Technologies™ Corp (Mardis, 2013). PGM uses semiconductor sequencing technology (Liu
et al, 2012) detecting the protons released as nucleotides are incorporated during synthesis (Quail et
al, 2012). PGM is the first commercial sequencing machine that does not require fluorescence and

camerascanning (Liu et al, 2012).

DNA fragments with specific adapter sequences are linked to and then clonally amplified by
emulsion PCR on the surface of 3-micron diameter beads, known as lon Sphere Particles (Quail et
al, 2012). The templated beads are loaded into a highly dense microwell array (lon Chip) in which
each well acts as an individual DNA polymerization reaction chamber. Just below this layer of
microwells is an ionsensitive layer followed by a sublayer composed of a highly dense field-effect
transistors (FET) array. Following the pyrosequencing scheme, sequential cycling of the four
nucleotides into the microwells enables primary sequence resolution since the FET detector senses
the change in pH created during nucleotide incorporation and converts this signal to recordable
voltage change. The change in voltage scales with the number of nucleotides incorporated at each
step, Figure 8 (Niedringhaus et al, 2011).
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lon Torrent has aready released lon 314, 316 and lon 318 chips in late 2011. The chips are
different in the number of wells resulting in higher production within the same sequencing time.
The lon 318chip enables the production of >1Gb datain 2 hours. Read length is >400 bp (Liu et al,
2012). There are severa limitations with regards to sequencing complete genomes. Currently, the
short read lengths and sequencing through smaller repetitive regions of the same
nucleotide(homopolymer regions) on the order of 5 to 10 bases can prove challenging
(Niedringhaus et al, 2011).For a more complete list of sequencing technologies see review by
Zhang et al,2011.
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Figure 8: Structure of the lon Torrent lon Chip used in pH-based sequencing.
(Mardis, 2013)

3.2.2.5.2. Heliscope™ Single Molecule Sequencer

The HeliScope Genetic Analysis System is one of the first techniques for sequencing from a
single DNA molecule was introduced by Braslavsky et al,2003 and licensed by Helicos Biosciences
as the first commercia single-molecule DNA sequencing system in 2007 (Pareek et al, 2011). The

principle of Heliscope sequencer relies on sequencing by synthesis without a prior amplification
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step; single-molecule sequencing (Pettersson et al, 2009). Single molecule sequencing technology
begins with DNA library preparation through DNA shearing and addition of poly(A) tail to
generated DNA fragments (Ozsolak et al, 2010), followed by hybridization of DNA fragments to
the poly (T) oligonucleotides which are attached to the flow cell and simultaneously sequenced in
paralel reactions. Helicos has developed proprietary labeled dNTPs, termed “virtual terminators,”
so that only single bases are added (Voelkerding et al, 2009). Sequencing is performed in asimilar
fashion as Illumina sequencing, with single nucleotide extension followed by detection and
cleavage of fluorophores.

This Single Molecule Sequencer is comparable with other current NGS sequencing systems with
regards to accuracy. However, the Helicos system is currently limited by shorter read length
(maximal length of 55 bases), and lower throughput compared to the Illumina and SOLiD
sequencing systems (up to 28 Gb in a single sequencing run and takes about 8 days (Pareek et al,
2011).

3.2.3. Third Generation Sequencing Technologies

Although the advents of next or second generation sequencing platforms had and still have a
huge impact on life Sciences, there are difficulties associated with sequencing from polymerase
amplified fragment populations. These include polymerase errors during library construction that
may appear to be variant bases in the origina genome but are not, as wells preferential
amplification of certain fragments in the library population that cause them to be differentialy
overabundant relative to others. Furthermore, DNA modifications, such as different types of
methylation, are diluted out during the amplification process because this step only copies the DNA
bases (M ardis, 2013).0On the other hand, the National Human Genome Research Institute (NHGRI)
has funded several groups developing alternative approaches to improving second generation
technologies, as well as novel approaches with the final goa of bringing the cost of a human
genome to under $1000 (Niedringhaus et al, 2011). A goal not that far away, since the price in
2013 was less than $5,000 in average (M ardis, 2013).

Therefore, advantages would exist for a platform that could obtain sequence data from individual
molecules of a DNA isolate, eliminate many of the aforementioned challenges and effective read
length increased as a result. Many of the so called “’third generation’” or “’next next generation’’
sequencing technologies started to appear before the second generation sequencing platforms

peaked such as the PacBio RS system and a portabl e single-mol ecul e sequencer, MinlON.
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3.2.3.1. The PacBio RS system

The PacBio RS sequencer is commercialized in 2010 by Pacific Biosciences, Inc. The principle
of this third-generation sequencing platform relies on a real-time, single-molecule sequencing
technology by synthesis method provided on the sequencing chip containing thousands of zero-
mode waveguides (ZMWs) and uses phospho-linked fluorescently labeled dNTPs. The sequencing
reaction of a DNA fragment is performed by a single DNA polymerase molecule attached to the
bottom of each ZMW hole (Par eek et al, 2011).

Here, DNA polymerase molecules, bound to a DNA template, are attached to the bottom of 50
nm-wide wells termed zero-mode waveguides (ZMWSs). Each polymerase is alowed to carry out
second strand DNA synthesis in the presence of y-phosphate fluorescently labeled nucleotides. The
width of the ZMW is such that light cannot propagate through the waveguide, but energy can
penetrate a short distance and excite the fluorophores attached to those nucleotides that are in the
vicinity of the polymerase at the bottom of the well. As each base is incorporated, a distinctive

pulse of fluorescence is detected from the bottom in real time (Quail et al, 2012).

Thiswill give out not only the fluorescent signal but also the signal difference along time, which
may be useful for the prediction of structural variance in the sequence such as DNA methlyation
(Liu et al, 2012). Currently, the most widely used instrument in long-read sequencing is the PacBio
RS Il instrument. This device is capable of generating single polymerase reads in excess of 50 kb
with average read lengths of 10-15 kb for a long-insert library (Goodwin et al, 2016),raw
accuracies ranging from 81% to 83% and with reagent cost no more than $60 per run (Zhou et al,
2010a, Mardis,2013).

3.2.3.2. Nanopor e Sequencing Technologies

Nano-technologies have long been considered a cutting-edge technology for single-molecule
DNA sequencing (Igbal et al, 2007; Branton et al, 2008). One concept is based on the observation
that when a DNA strand is pulled through a nanopore by an electrical current, each nucleotide base
(A, T, C, and G) creates a unique pattern in the electrical current. This unigue nanopore electrical
current fingerprint can be used for nanopore sequencing (Zhang et al, 2011). Various groups and
organizations around the globe are exploring this idea: Agilent, DNA Electronics, IBM, NabSys,
Oxford Nanopore Technologies, Sequenom, etc (Zhou et al, 2010Db).
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In June 20140xfordNanopore Technologies, collaborating with University of Oxford, launched a
portable single-molecule sequencer, MinlON (Ip et al, 2015). This device, the MinION, is a
nanopore based device in which pores are embedded in a lipid-bilayer membrane placed over an
electrical detection grid. To carry out sequencing, DNA is passed through a protein pore (apha
hemolysin) as current is passed through the pore. As the DNA translocates through the action of a
secondary motor protein, a voltage blockade occurs that modulates the current passing through the
pore (Goodwin et al, 2016).These fluctuations are sequence dependent and thus can be used by a
base-calling algorithm to infer the sequence of nucleotides in each molecule. Although it is still in
development, MinlON promised read lengths orders of magnitude longer than existing technologies
together with low per-base costs (Goodwin et al, 2015), but the data are still of insufficient quality
owing to systematic errors and further improvement will therefore be required (Van Dijk et al,
2014).

3.3. Comparison of Next Generation Sequencing technologies

Table 4summarizes the features of the different NGS technol ogies described above.
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Table 4: Comparison of selected high-throughput NGS technologies(This table is compiled from the data presented in Goodwin et al, 2016;

Niedringhaus et al, 2011; Reuter et al, 2015; Liu et al, 2012; Loman et al, 2012 and Van Dijket al, 2014).
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3.4. Whole genome sequencing

Currently, most genome projects use a shotgun sequencing strategy for whole genome
sequencing. In afirst step, genomic DNA is sheared into small random fragments. Two types
of fragmentation are widely used: mechanical and enzymatic (Loman et al, 2012). Fragments
can consist of single reads (typically50-1000 bp) or of paired-end reads of varying insert size.
Mate-pair libraries span larger genomic regions (~2-20 kb inserts). Depending on the
technology, these fragments are sequenced independently to a given length. Powerful
computer algorithms are then utilized to piece the resulting sequence reads back together into
longer continuous stretches of sequence (contigs), a process known as de novo assembly.
After the initial assembly, contigs are typically joined to form longer stretches of sequence
(known as scaffolds) using the so-called paired-end, mate-pair or jump libraries, Figure 9
(Ekblom and Woalf, 2014).

Idedlly, a draft genome would represent the complete nucleotide base sequence for all
chromosomes in the species of interest, a ‘physical map’ of its genetic content (as opposed to
the “‘genetic or linkage map’ which establishes the order and recombination distances among

genetic markers).
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Figure 9: Simplified illustration of the assembly process and terminology.

Shotgun sequencing: short fragments of DNA from the target organism are
sequenced at random positions across the genome to a given depth of coverage.
Genome assembly: (A) short-read de novo assemblers extend the disperse
sequence information from the reads into continuous stretches called contigs. (B)
Paired-end reads provide additional information on whether a read is supported for
a given contig. (C) Some assemblers work with overlapping read pairs that are
joined into a virtual longer read prior to the assembly. Read pairs from mate-pair
libraries can be used to order and orient contigs into scaffolds. Gap size between
contigs is estimated from the expected length of mate-pairs and marked with “N’s.
Annotation: gene models can be inferred in silico by prediction algorithms, by
lifting over information from genomes of related organisms and by using
transcriptome data (RNA-seq, expressed sequence tag) from the target organism
itself (Ekblom and Wolf, 2014).
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3.5. Genome assembly

Genome sequencing samples the chromosomes that make up one genome. Genome
assembly is the reconstruction of sequences up to chromosome length. It groups reads into
longer contiguous reads known as contigs by a computer program known as an assembler.
These contigs are joined together to form longer contigs known as scaffolds. Contigs provide
multiple sequence alignment of reads plus the consensus sequence. The scaffolds, sometimes
called super contigs or metacontigs, define the contig order and orientation and the sizes of
the gaps between contigs (Figure 9).The assembly task is relegated to computer software. The

assembly processis often compared to solving ajigsaw puzzle-metaphor.

Assemblies are measured by the size and accuracy of their contigs and scaffolds. Assembly
size is usualy given by statistics including maximum length, average length, combined total
length, and N50.The contig N50 is the length of the smallest contig in the set that contains the
fewest (largest) contigs whose combined length represents at least 50% of the assembly
(Miller et al, 2010).

There are two approaches for genome assembly; the comparative approach and the de novo
approach. During comparative assembly, also known as reference-based assembly, a reference
genome from the same organism or a closely related species is used as a map to guide the
assembly process by aigning the fragments being assembled. This approach is used in
resequencing applications, for example (Pop et al, 2004). During de novo assembly, no map
or guidance is available for assembling the genome, so this approach represents assembly in
the strict sense. Therefore, de novo assembly is used to reconstruct genomes that are not
similar to previously sequenced genomes (Martin and Wang, 2011; El-Metwallyet al,
2013).

Genome assembly combines four basic stages: preprocessing filtering, a graph construction
process, a graph ssimplification process, and post processing filtering. Preprocessing filtering
is responsible for detecting and correcting erroneous reads before the assembly begins. The
graph construction process is responsible for creating a graph model, which is used to
organize short-read sequences into a compact form and to create longer reads during
assembly. The graph simplification process is used to simplify the graph by reducing the
number of graph nodes and edges, and removing erroneous ones. Post processing filtering
builds contigs, detects misassembled ones, and extends them into scaffolds. Mate pair reads
are used in this stage as a guide map to order and orient contigs during the scaffolding
process. Appropriate contigs are joined together to form scaffolds depending on the positions
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of the mate pair reads in the contigs, their orientation, and expected insert size (Dayarian et
al, 2010). A mate pair that spans two contigs is taken as evidence for the juxtaposition of
those two contigs within the genome (Paszkiewicz and Studholme, 2010).I1f the gaps
between the contigs are not filled with other contigs, they are filled with N characters that
denote unknown bases between them and the total number of N can be estimated easily using
mate pair constraints Dayarian et al, 2010; EI-Metwally et al, 2013).

The NGS assemblers are organized into three categories, all based on graphs. The
Overlap/Layout/Consensus (OLC) methods rely on an overlap graph. The de Bruijn Graph
(DBG) methods use some form of K-mer graph. The greedy graph algorithms may use OLC
or DBG (Miller et al, 2010).The graph is an abstract data structure, which describes the
similarity relations within a set of reads. Mathematically, a graph is represented as a set of
vertices (nodes) and edges. In the assembly graph, the nodes represent strings or substrings of
reads, while the edges represent the suffix-to-prefix overlaps between reads (M edvedev and
Brudno, 2009; Medvedev et al, 2007).

3.5.1. Overlap/L ayout/Consensus Assemblers

A classical overlap-based approach for de novo assembly consists of three stages: overlap,
layout, and consensus (OLC) (Peltola et al, 1984). Assemblers following this paradigm start
by detecting the overlaps among the set of unassembled reads through pair-wise read
comparison. Then, the overlap information is organized into a graph where nodes correspond
to reads and edges encode the (suffix-to-prefix) overlaps among them. The goal of the layout
step is to find a shortest path that visits each node in the graph exactly once and hence this
path represents a solution to the assembly problem. Finally, the overlaps between the reads
(nodes) are combined in the consensus step. This paradigm is implemented in several short-
read assemblers such as Newbler (Margulies et al, 2005), CABOG (Miller et al, 2008)
Shorty (Hossain et al, 2009), Forge (DiGuistini et al, 2009), Edena (Her nandezet al, 2008),
SGA (Simpson and Durbin, 2012), Fermi (Li, 2012), and Readjoiner (Gonnella and Kurtz,
2012). The OLC assemblerstarget variable-length reads in the 100-800 bp range (Miller et al,
2010).

Newbler Assembler

Newbler software has been developed by 454 life sciences and it has been successfully
applied for the assembly of a bacterial genome (Poly et al, 2007).As described in 2005,
Newbler implements OLC twice. The first-phase OLC generates unitigs from reads.
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Unitigs are mini-assemblies that are, ideally, uncontested by overlaps to reads in other
unitigs (Myers et al, 2000). The unitigs serve as preliminary, high-confidence,
conservative contigs that seed the rest of the assembly pipeline. The second-phase OLC
generates larger contigs from the unitigs. (Miller et al, 2010)Although originally intended
as assembler for Roche 454 and Sanger data only, new versions of this software are able to
efficiently process smaller amounts of Illumina data. Especially for hybrid assemblies and
smaller genome sizes, the Newbler pipeline is a well-performing alternative for the
standard in-house Velvet pipeline (Reinhardt et al, 2009).

3.6. Bacterial Genome Annotation

Annotation of prokaryotic sequences is a multilevel process that strives to define both the
structural and functional properties of a given sequence (Ouyang et al, 2009). Structural
annotation is dependent on algorithmic interrogation of experimenta evidence to discover the
physical characteristics of a gene; identifies the location(s) of genes, promoters, pseudogenes,
RNA genes (rRNAs, tRNAs, and other small RNAS), and untranslated regions. Functional
annotation is dependent on sequence similarity to other known genes or proteins in an effort
to defines the role of the aforementioned genetic structures encoded in the DNA sequence
(Ouyang et al, 2009).Combining structural and functional annotation across genomes in a
comparative manner promotes higher levels of accurate annotation as well as an advanced

understanding of genome evolution (Beckloff et al, 2012).

Annotation is a multistep process, requiring the integration of a large number of tools for
the identification of specific genomic features and the interoperability of tools for gene
finding and assignment of function.

FigurelOdescribes a very general process used for bacterial genome annotation
(Richardson and Watson, 2013).Usually the first step in interpretation of a genomeisto use
gene-prediction programs, which scan the sequence for regions that are likely to encode
proteins or functional RNA products, depending on the particular program. The identified
genes are then compared to databases of DNA or protein sequences in an attempt to identify
related sequences. If hits of a certain similarity are identified, information about their function
istransferred to the new sequence (Stothard_and Wishart, 2006).

Most annotation pipelines use a combination of multiple extrinsic and intrinsic gene
prediction tools in tandem for complete genomes. First, extrinsic tools will query databases to
identify genes based on homology searches of the sequence of interest. Hits to these genes are
considered real and are added to the training set for the intrinsic software. The intrinsic
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software uses the profile of the training set to predict and discover more genes that were
missed in the previous step. In addition to identifying protein-coding genes, ribosomal RNA
operons are generally found via similarity to rRNA sequences, while transfer RNAs can be
reliably identified using tRNA scan-SE (Delcher et al, 1999).Annotation pipelines can also
add several other types of information to genes and genomes, such as protein chemical
properties, protein structural properties, predicted operons, gene ontologies, evolutionary
relationships and metabolic pathways. These annotations are obtained using sequence
similarity searches, calculated from the predicted gene and protein sequences directly, or
derived from comparisons of gene order between species. The final and most frequently
overlooked step of the annotation process is to organize and present the results in a useful
manner (Stothard and Wishart, 2006).

There are a range of online automatic bacterial annotation pipelines, including RAST
(Rapid Annotation using Subsystem Technology) (Aziz et al, 2008), BASys (Bacterial
Annotation System) (Van Domselaar et al, 2005), IMG (Integrated Microbia Genomes)
(Markowitz et al, 2009), JCVI annotator (J. Craig VenterInstitute, Orvis et al, 2010), PGAP
(Prokaryotic Genomes Annotation Pipeline at NCBI) (Tatusova et al, 2016), and others
(Beckloff et al, 2102).

BASys is a web server that performs automated, in-depth annotation of bacterial
genomic (chromosomal and plasmid) sequences. It accepts raw DNA sequence data and an
optional list of gene identification information and provides extensive textua and
hyperlinked image output. BASys uses more than 30 programs to determine nearly 60
annotation subfields for each gene, including gene/protein name, Gene Onthology (GO)
function, Cluster of Orthologous Groups (COG) function, possible paralogues and
orthologues, molecular weight, isoelectric point, operon structure, subcellular localization,
signa peptides, transmembrane regions, reactions, and pathways. The textual annotations
and images that are provided by BASys can be generated in approximately 16 hours for an
average bacterial chromosome (5 Megabases. 5000 genes), or approximately 350 coding
regions per hour (Van Domselaar et al, 2005)

Various programs used by the BASys pipeline to generate genome annotations
including, GLIMMer (Gene Locator and Interpolated Markov ModelER), NCBI BLAST,
HMMER, and databases such as: NCBI non-redundant database of bacterial protein
sequences, the PDB database of 3D biological macromolecular structure data (Berman et
al, 2000), and the COG database of orthologous groups of proteins (Tatusov et al, 1997).
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The first version of NCBI’s Prokaryotic Genome Automatic Annotation Pipeline
(PGAAP) combiningHMM-based gene prediction algorithm with a protein sequence
similarity search methods was developed in 2000-2001. The pipeline predicts protein-
coding genes, structural RNAs (5S, 16S, and 23S), tRNASs, and small non-coding RNAS.
The NCBI PGAP is available as a service for GenBank submitters. The pipeline is capable
of annotating both complete genomes and draft WGS genomes consisting of multiple
contigs. The submitters can request PGAP annotation during submission of the genome to
GenBank. The initia pipeline used a combination of automatic protein coding gene model
prediction via two prediction methods, Gene Marks (Besemer et al, 2001) and Glimmer
(Delcher et al, 1999).Genes of ribosomal RNASs were predicted either by the BLASTn
sequence similarity search using the entries from the RNA sequence database as queries or
by running speciaized tools, such as Infernal (Nawrocki and Eddy, 2013; Nawrocki,
2014) and Rfam (Nawrocki et al, 2015). Genes of transfer RNAs were predicted using
tRNAscan-SE (Lowe and Eddy, 1997).The new PGAP version employs a robust
automatic system optimized for high throughput. PGAP is able to annotate more than 1200
genomes a day. NCBI’s PGAP is an evolving system. The main difference between the old

and new version is the use of GeneMarkS+ tool for gene finding (Tatusova et al, 2016).
For additional information on PGAP see

https://www.nchi.nlm.nih.gov/genome/annotation prok/

and the NCBI handbook;

https://www.nchi.nlm.nih.gov/books/NBK 174280.
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Material and Methods

4.1. Microbial strain and media

The microorganism used in this study was Bacillus sp. C4; CCUG 66887. It has been
isolated from the compost and identified using biochemical tests and 16S rDNA technique
(GenBank accession: FJ214667).This bacterium is able to secrete extracellular protease
enzyme upon growing on several proteinaceous substrates. It has broad substrate specificity; it
can degrade chicken feather and sheep wool keratins as well. It was able to degrade native
chicken feather within 48 hours (Fellahi et al, 2014).

Severa culture media were used to cultivate the strain including: peptone yeast extract
(PY) medium (10 g bactopeptone, 5g Difco yeast extract and 5g sodium chloride per liter)
(Bernhardt et al, 1978) and PA medium which is PY supplemented with 1.5 % agar; used for
the activation of Bacillus sp. C4. Skimmed milk agar (SMA) medium contained: 0.59g yeast
extract, 10g skimmed milk and 15g agar per liter. This medium was used for testing the
proteolytic activity of the strain. Sporulation medium (modified Schaeffer s medium, 1XSG)
(Leighton and Doi, 1971) contained 3g beef extract, 5g bactopeotone, 2g KCI per liter, after
autoclaving, several separately sterilized compounds were added as follow: MgSO,4.7HO, was
added to afinal concentration of 2 mM, CaCl, to ImM, MnCl, to 0.1mM, FeSO.to 1 mM,
and glucose to 0.1% (w/v). Luria-Bertani broth (LB) (Luria et al, 1960) contained per liter
10g treptone, 5g yeast extract, and 10g NaCl. Nutrient broth (NB) composed of 5g peptone
and 3g beef extract per liter. The pH of the above media was adjusted to pH 7.0 using either
NaOH as abase and HCI as an acid.

4.2. Proteolytic activity

Proteolytic activity was measured as described by Cliffe and Law (1982) using hide
powder azure (HPA, Sigma) as a substrate. For a standard assay, 1 ml 0.1M Tris-HCI buffer,
pH 8 was added to 5 mg of HPA (insoluble materia) in 5 ml reaction tube. A hundred pl of an
appropriately diluted enzyme preparation was added to the reaction mixture. The mixture was
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incubated at 37°C until a measurable blue color was developed. The reaction was stopped by
chilling the assay tubes on ice, after which the tubes were centrifuged at 7000 rpm for 5
minutes and the absorbance of the clear supernatant was measured at 595 nm. A control
reaction was prepared by adding 0.1M Tris-HCI buffer instead of enzyme solution. One unit
of enzyme was equa to the amount of enzyme that develops a change in absorbance (0.1)

against the control at 595 nm per 30 minutes at 37°C using HPA as substrate.

4.3. Determination of protein concentration

Soluble protein concentration was determined by the method of Lowry et al, 1951. Protein
sample (Up to 0.5 ml) was added to 2.5 ml of protein assay mixture [49 ml of 4% (w/v)
NaCOs, 49 ml of 0.2 N NaOH, 1 ml of 1% (w/v) CuSO,. 5HO,, and 1 ml of 2% sodium
potassium tartrate]. Reaction tubes were mixed well and were allowed to stand at room
temperature for 10 minutes, after which, 0.25 ml of diluted Folin reagent (1X) was added. The
developed color was measured at 750 nm after 30 minutes. A standard curve was established

using bovine serum albumin (BSA).

4.4. Activation of the Bacillus sp. C,and inoculum prepar ation

Several recently growing colonies of Bacillus sp. C4from overnight PA plate were used to
inoculate 20 ml PY medium. This mother culture was grown at 37 C with shaking at 160 rpm
for 4 hours to reach absorbance 3 at 420nm (corresponding to approximately 3.0 x10°colony
forming unit per ml). One milliliter (1 ml) of the growing culture was centrifuged at 7,000
rpm for 3 min using a micro-centrifuge. The bacterial pellet was washed with saline [0.85%
(w/v) NaCl] and was used to inoculate culture media. All experiments were carried out

in250ml Erlenmeyer flasks containing 50 mL of medium.

4.5. Optimization of extracellular protease production

In an attempt to enhance the extracellular protease production of Bacillus sp. C4 a two-
step procedure was adopted. One variable at atime (O.V.A.T.) approach was first applied to
identify the most effecting factors controlling the production of this enzyme followed by
response surface methodology (RSM) to optimize these significant factors. In each step and
for each tested parameter, protease activity in the cell-free supernatant and protein content

were determined after 24 hours.



4.5.1. Selection of significant factors affecting protease production through (O.V.A.T.)
approach

A variety of culture media were used and many physical factors (inoculum size, initial pH,
temperature, and agitation rate) were assessed for their effect. Several nutritional parameters
including carbon sources (starch, glucose, glycerol, Tween-20 and Tween-80), severa
nitrogen sources (peptone, beef extract, yeast extract and sodium nitrate), and some inorganic
sats (KCI, CaCl,, CaCO3 FeSO,4, MnCl,, and MgSO,) were tested separately. For each tested
factor the protease production in terms of specific protease activity (U/mg protein) was
determined.

4.5.1.1. Effect of Culture medium

The bacterial strain was grown on several commonly used laboratory media including
peptone-yeast extract (PY and 1/2 PY), sporulation medium (1XSG and 1/2XSG), nutrient
broth (NB and 1/2 NB) and Lauria-Bertani medium (LB and 1/2 LB). The pH of these media
was adjusted to pH 7. The pellet of one ml of mother culture was used to inoculate 50 ml of
each medium in 250 ml Erlenmeyer flask. Cultures were incubated at 37°C with shaking at

160rpm for 24 hours. For each culture medium the specific protease activity was measured.

4.5.1.2. Effect of inoculum size

The effect of inoculum size on protease production was determined by inoculating 50 mL
1XSG medium, pH 7 with several inoculum sizes (1, 2, 4, 6, and 8%). Each milliliter contains
approximately 3.0 x10°colony forming unit. The inoculated flasks were incubated at 37°C
with shaking at 160 rpm for 24 hours. For each tested inoculum size the specific protease
activity was determined.

4.5.1.3. Effect of initial pH
To evauate the influence of initial pH, 1XSG medium prepared at different pHs (6, 7, 8,

and 9) was inoculated with mother culture and cultures were grown at 37°C with shaking at
160 rpm for 24 hours. Specific protease activity was determined for each assessed phi These
pHSs levels were chosen based on literature data used for this type of enzyme (Sharma et al,
2017).
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4.5.1.4. Effect of incubation temperature

Incubation temperature effect on the production of extracellular protease activity by
Bacillus sp. C, was evaluated by incubating the inoculated cultures (1XSG, pH7) at different
temperatures (30, 37, and 45°C) under shaking for 24 hours (Sharma et al, 2017). Specific
protease activity was determined for each assessed temperature.

4.5.1.5. Effect of agitation rate
Inoculated culture media (1XSG, pH7) was grown at 37°C for 24 hours and under several
agitation speeds (100, 160, 200, and 250 rpm). Specific protease activity was determined as

above.

4.5.1.6. Effect of different carbon and nitrogen sources

To evauate the effect of different carbon sources on the protease production, the liquid
medium 1XSG was used as a basic production medium and supplemented separately with
various concentrations of glucose (0.2%), starch (0.3%), glycerol (0.2%), Tween-20 and
Tween-80 (0.2%). Likewise the effect of different nitrogen sources on protease production
was studied by supplementing the 1XSG medium with various concentrations of complex
nitrogen sources such as beef extract (0.6% and 0.9%), peptone (1%), yeast extract (0.2%),

and inorganic sources (0.5%, 1.5%, and 2% of sodium nitrate).

4.5.1.7. Effect of metal ions
The effect of the following metal ions KCl (0.4%), FeSO, (2 mM), MnCl, (0.5 mM),
CaCl, (2mM), and MgSO, (4mM) was tested.

4.6. | solation of keratinase gene (s) from Bacillus sp. C4

As stated above the proteolytic activity of Bacillus sp. C4was broadly specific, and the
bacterium could grow and produced a significant level of keratinase when using sheep wool
and chicken feather as substrates. A total hydrolysis of the keratinous waste was obtained in
less than three days (Fellahi et al, 2014).In an attempt to increase our understanding of the
Bacillus strain’s ability to hydrolyze both alpha- and beta-keratins, we in this study aimed to
isolate and identify the keratinolytic gene (s).

4.6.1. Genomic DNA isolation

66



An overnight culture of Bacillus sp. C, grown on the optimized production medium at
37°C was used for the isolation of total genomic DNA. Genomic DNA was isolated using
Master Pure™ Gram Positive DNA Purification Kit (Epi centre, Germany) following the
manufacturer’s standard protocol. The concentration and the purity of the prepared DNA were
determined using NanoDropND-2000 UV-V IS spectrophotometer as well as by running small

aliquots on agarose gel (1 %) electrophoresis.

4.6.2. Agarose gel electrophoresis

Agarose gel electrophoresis was carried out essentially as reported earlier (Sambrook et
al., 1989). Agarose gel used to analyze DNA was prepared by adding 1 g of agarose to 100 ml
(1X) Tris-borate (TBE) buffer. The mixture was completely dissolved by heating. The
solution was allowed to cool to 50°C, after which 5 pl of 10 mg/ml ethidium bromide stock
solution was added. The solution was poured into a suitable gel tray (10x8 cm). The gel was
left to cool at room temperature for approximately 15 minutes, after which the gel was placed
appropriately in an electrophoresis apparatus (Hoefer Scientific Instrument, USA). After
removing the well-forming comb, the gel was covered with electrophoresis buffer (1X TBE
buffer). DNA samples were mixed with the loading dye (6X) on 6:1 volume bases, after
which the DNA samples were loaded into the gel and electrophoresis was carried out at 80
volts for about 45 minutes. The gel was visualized under UV -trans-illuminator (Ultra-Violet
Products Pvt Ltd, Cambridge UK) and photographed. The size of DNA fragments of unknown
size, migrating in the agarose gel, was estimated by comparing their migration with those of
GeneRuler™1Kb DNA Ladder (Invitrogen, USA).

4.6.3. PCR amplification of Keratinase gene (ker gene)
Multiple sequence aignement program CLUSTALW2 (Chenna et al., 2003)
(http://www.ebi.ac.uk/Tools/msa/clustalw2/), was used to align keratinase gene sequences

from different Bacillus pumilus strains to investigate the resemblance among the sequences to
be able to design the first primer set (Primer set A, Table 5). All primers used in this study
were purchased from Eurofins Genomics, Germany. Standard PCR was performed using
100ng bacterial genomic DNA in a 50ul reaction mixture containing 1X amplification buffer
(Dream Tag™ Green Buffer Fermentas, Germany), 0.2 mmol L™ dNTPs, and 0.2pumol L™ of
each primer with 5 U of Tag polymerase (Dream Tag' " Green DNA polymerase Fermentas,
Germany). PCR was performed in a Thermocycler (Progene, England) programmed for 30
cycles, with an initial denaturation at 95°C for2 minutes and each cycle with denaturation at
95°C for 30 seconds (sec), annealing at 51°C for 30 secondes, extension at 72°C for 75
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secondes; final extension at 72°C for10 minutes. The PCR product was then sent to Eurofins
Genomics, Germany for sequencing and from the retrieved DNA sequence, atwo new primer
sets (Primers sets B and C, Table 5) were designed to get the full open reading frame (ORF)
of the gene. The PCR conditions for them were similar, except the annealing condition of
55°C for 30secondes.PCR products in each time were resolved by electrophoresis on 1%
agarose gel, eluted with gel elution kit (Jetquick, Germany) and sequenced at Eurofins

Genomics, Germany.

Table5: Oligonucleotide primers used in PCR reactions.

Primer Primer sequence 5’ - 3’

FwA ATGTGCGTGAAAAAGAAAAATGTG
RVA TTAGAAGCCGCTTGAACGTTA

FwB AAGTATTAGATCGTTACGGCGATGGAC
RvB CCAAGAACACCAATCGTGTTATCAAGG
RvC TCAGGGCTTTCCCAAGTCAAT

4.6.4. Characterization of the nucleic acid sequence and deduced amino acid sequence
Sequence similarity analysis was done on the web server of the National Centre for
Biotechnology and Information (NCBI, http://www.ncbi.nlm.nih.gov/) in the non-redundant
nucleotide (nr-nt) or amino acid (nr-aa) databases using BLASTN, BLASTP and BLASTX
programmes. The ker gene sequence was subsequently submitted to the NCBI GenBank.
Motif search for amino acid patterns in the deduced protein sequence was performed using the

Scan Prosite tool in the EXPASy proteomics server.

4.7. Library preparation and genome sequencing of Bacillussp. C4
To screen the genome of feather-degrading Bacillus C4 for additional putative keratinase
genes, sequencing of the whole genome using the bench-top sequencer Illumina MiSeq and
the MiSeq Control Software 2.3.0.3 was performed by Eurofins Genomics, Germany.
Combining short-insert, paired-end and long-insert, mate pair sequences is the ideal way to
maximize coverage of the genome for de novo assembly (Mardis, 2013). In this regard, the
Bacillus sp. Csgenomic DNA was isolated as stated in section 4.6.1 and used to prepare two
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types of sequencing libraries. one genomic shotgun (SG) paired-end library with a fragment
size approximately between 70 and 150 bp and one proprietary long jumping distance (LJD)
library (with a jumping distance of 8 kbp and library insert size of approximate 400-700 bp)
with ajumping with an average insert size of 7865 bp. Before sequencing aphiX library were
added to estimate the sequencing quality. The libraries were placed in the reagent cartridge
and loaded on the instrument along with the flow cell. All subsequent steps were performed
on llluminaMiSeq v2 including, cluster generation and 2x150 bp paired-end sequencing.

[llumina MiSeq, a bench-top sequencer, is especialy convenient for amplicon and small
bacterial genome sequencing. It could sequence 150 pair-ends and generate 1.5Gbp/run in

about 10 hoursincluding sample and library preparation time (Liu et al, 2012).

4.8. De novo assembly of the Bacillus sp. C4 genome

The resulting sequence reads were joined into longer continuous stretches of sequence
(contigs) which were then joined to form longer stretches of sequence (known as scaffolds).
De novo sequence assembly and scaffolding of trimmed reads was done by Eurofins
Genomics in Germany using Illumina’s in-house pipeline based on the Newbler assembler
software v2.9 (20130529 _1641). Although originally intended as assembler for Roche 454
and Sanger data only, new versions of this software are able to efficiently process smaller
amounts of Illumina data. Especially for hybrid assemblies and smaller genome sizes, the

Newbler pipelineis awell-performing alternative for the standard in-house Velvet pipeline.

Prior to assembly read sequences were analyzed and clipped using the software
Trimmomatic (version 0.32, http://www.usadellab.org/cms/index.php?page=trimmomatic).

Low quality bases with a Phred score <20 were removed from the start as well as from the
end of each single read. In addition, reads that did not fulfill the average quality threshold
with awindow size of 4 bp and Phred score <20 were removed as well as reads shorter than a
length threshold of 70 pb. To obtain high quality long jumping distance pairs without any
adapter or spacer sequences a sequence length cut-off of 30 base pairs is applied for paired
sequences as well as for singleton (single end) sequences and length filtering of processed
LJD read pairs (minimum length 75 bp) was done by Newbler pipeline. Paired reads become
singleton reads if the other read of a pair is shorter than the length cut-off after the processing.
Various filtering steps were also applied to the illumina sequences in order to remove phiX
related reads.

4.9. Annotation of Bacillus sp. C4 genome
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The draft genome sequence of Bacillus sp. Cswas annotated by submitting it to the web
based automated Bacterial Annotaion System (BASys) available on https.//www.basys.ca/
(Van Domselaar et al, 2005) and the NCBI Prokaryotic Genomes Annotation Pipeline
(PGAP) version 2.10.The annotated genome sequence was then deposited in the NCBI
GenBank database (http://www.nchi.nlm.nih.gov/genomes/stati ¢/Pipeline.html).

4.10. Identification of active proteins produced by Bacillus sp. Csand involved in protein
degradation

Nano-scale liquid chromatography-electro-spray ionization tandem mass spectrometry
(nLC-ESI-MS/MS) is a well-established technique for identification of peptides from
complex mixtures (Yang et al, 2007).In a HPLC-MS/MS based peptide sequencing, a
complex protein mixture is often separated via gel electrophoresisfirst to simplify the sample.
Subsequently, proteins are digested with a specific enzyme such as trypsin. To further reduce
sample complexity, peptides are separated by liquid chromatographic systems (LC): eluents
are ionised, separated by their mass over charge ratios and subsequently registered by the
detector. Each MS/MS spectrum (corresponding to a specific peptide sequence) is then used
to search protein database for matched peptides. A Protein hit is identified often by multiple
independently sequenced peptides from the same protein.

nLC-ESI-MS/MS followed by Mascot database search is used to identify the secreted
enzyme (s) involved in protein degradation by Bacillus sp. C4. Mascot is a software package
from Matrix Science (http://www.matrixscience.com/search_form_select.html) that interprets
mass spectral datainto protein identities. Mascot compares the observed spectra to a database

of known proteins and determines the most likely matches.

4.10.1. Extracellular proteasefraction preparation from Bacillus sp. C4

Bacillus sp. C4was grown on the production medium for 24 hours at 37°C with shaking.
Cell-free supernatant was obtained by pelleting bacteria cells through centrifugation at 8,000
rpm for 15 minutes at 4°C (Optima Max-XP, Beckman Coulter). The enzyme fraction was
precipitated by adding solid ammonium sulfate (NH3SO,) to 65% saturation at 4°C and
sowly mixing for lhour using an ice bath. The precipitate was then collected by
centrifugation at 12,000 rpm for 30 minutes using the above rotor at 4°C. Pellet was
resuspended in a small volume of 20 mM Tris-HCI buffer, pH8 and dialyzed overnight
against the same buffer. Protein content and proteolytic activity were determined in the crude
and dialyzed preparation as described earlier.

Dialysis tubing was prepared as follow. Dialysis tubing was cut into pieces of convenient
length (10 — 30 cm), soaked in distilled water for 10 minutes, after which the pieces were
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soaked in 50 % ethanol for about 10 minutes. The dialysis tubing was boiled in a solution of
2% sodium bicarbonate and 1 mM Ethylenediaminetetraacetic acid (EDTA) for 15 minutes.
The tubing was alowed to cool then stored in 50 % ethanol at 4°C. Before use, the tubing was
carefully washed from inside and outside with distilled water then with the buffer to be used.

4.10.2. SDS polyacrylamide gel electrophoresis

The dialyzed fraction wasrunonl2% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) as described earlier (Laemmli, 1970). SDS-PAGE (12%
resolving gel) was prepared by mixing 1.725 ml of distilled water; 2 ml of 30% acrylamide-
bisacrylamide mixture [29.2 g acrylamide, 0.8 g bisacrylamide in 100 ml distilled water]; 1.25
ml of 1.5 M Tris-HCI, pH 8.8 (lower Tris-HCI buffer); 0.05 ml 10% of SDS; 0.05 ml of 10%
ammonium persulfate; and 0.004 ml of N, N, N, N, tetrametylenediamine (TEMED). The
above mixture was poured in an assembly unit (10 x 10 cm) (Mighty small ™ SE 245,
Hoefer, USA) and overlayed carefully with isopropanol. The ge was alowed to be
polymerized at room temperature for about 15 minutes. Stacking gel (5%) was prepared by
mixing 2.7 ml distilled water; 0.67 ml of 30% acrylamide-bisacrylamide mixture; 0.5 ml of
1.0 M Tris-HCI , pH 6.8 (upper Tris-HCI buffer); 0.04 ml of 10 % SDS; 0.05 ml of 10%
ammonium persulphate and 0.004 ml of TEMED. After the lower running gel was set, the
isopropanol was decanted and the gel surface was washed with distilled water after which the
stacking gel mixture was poured to the top of the small plate. Wells forming comb was placed
in the gel. After polymerization of the gel, the comb was removed carefully and the wells
were washed with the running buffer. The assembled gel plates were transferred to the
electrophoresis tank and covered with SDS-running buffer [0.05 M tris-HCI, pH 8.3, 0.384 M
glycine, and 0.1% (w/v) SDS]. Protein sample was prepared by mixing 50 pg proteins with
5X sample application buffer (SAB) [0.6 M Tris-HCI, pH 6.8, 1% (w/v) SDS, 10 % j-
mercaptoethanol, 10 % sucrose and 0.05 % bromophenol blue] to give a final concentration
1X (SAB), boiled in water bath for 3 minutes at 95°C and was applied to the slab gel along
with a molecular weight protein marker (All BlueProtein Precision Standard, Bio-Rad).
Electrophoresis was carried out at a constant voltage 150 volts for about 1.5 hours. The gel
was then stained with Coomassie Brilliant Blue R-250 [0.1 % Coomassie Brilliant Blue R-250
in 50 % Methanol, 10 % acetic acid] for 3 hours with gentle agitation at room temperature.
The gel was destained overnight using a destain solution (100 ml methanol, 70 ml acetic acid
and 830 ml distilled water).

4.10.3. NanoHPL C-ESI-M S/M S strategy
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Protein identification of the enzyme fraction produced upon growing Bacillus sp. C4 on
production medium was performed by Proteome Factory AG, Germany. Two protein spots
from a 12% SDS-PAGE-gel were cut out and digested in-gel by trypsin (Promega,
Mannheim, Germany) and analyzed by nano HPLC-ESI-MSMS.

The LC-MS/MS system consisted of an Agilent 1100 nanoHPLC system (Agilent,
Waldbronn, Germany), PicoTip electrospray emitter (New Objective, Woburn, MA), and an
Orbitrap XL or LTQFT mass spectrometer. The retrieved peptides were analyzed using an
ultra-mass spectrometer (ThermoFisher Scientific, Bremen, Germany). Peptides were first
trapped and de-salted on the enrichment column Zorbax 300SB-Cg, 0.3 x 5 mm (Agilent) for
five minutes (solvent: 2.5% acetonitrile/0.5% formic acid), then separated on a Zorbax
300SB-Csg, 75 pm x 150 mm column (Agilent) using a linear gradient from 10% to 32% B
(Solvent A: 5% acetonitrile in water, Solvent B:acetonitrile. Both solvents contained 0.1 %
formic acid). lons of interest were data-dependently subjected to tandem M S according to the

expected charge state distribution of the peptide ions.

4.10.4. Data Analysisand Protein I dentification

Protein identification of the crude enzyme fraction involved in protein utilization by
Bacillus sp. Cswas performed by Proteome Factory AG, Germany. MS/MS data were
identified by database search against the B. pumilus entries from the RefSeq protein database
available at NCBI, which was appended to an existing bacterial database. The search
parameters were set to: 3 ppm peptide mass tolerance (M S accuracy), 0.6 KDa fragment mass
tolerance (MS/MS accuracy), maximum one missed cleavage by trypsin, fixed modification
of cysteine and variable modification of oxidized methionine. MS/MS ion search of the
Mascot search engine (Matrix Science, London, England) was performed, and only peptide
matches with a score of 26 or above were accepted. The search results were also run against

the amino acid sequences retrieved from the Ker 1 and Ker2 genes.
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Results & Discussion
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V. Results and Discussion

5.1. Optimization of extracellular protease production from Bacillus sp. C,

There is no general medium for protease production and each strain has its own conditions for maximum
enzyme productivity (Reddy et al, 2008). Process optimization is important in industrial production processes,
in which even small improvement scan be decisive for commercial success (Cheng et al, 2012). Therefore, the

required constituents and their concentration shave to be optimized accordingly.

The optimization of culture medium was carried out by a combination of non-statistical methodology and
statistical methodol ogy-based experimental design. A series of experiments were first carried out to study the
effects of culture media as well as the physico-chemical and nutritional factors on the extracellular protease
production by Bacillus sp. C, with one-factor-at-atime experiments. The second approach deals with

optimizing the significant factors that selected in the first step by response surface methodology.

5.1.1. Selection of the most important physico-chemical determinants and the most suitable
carbon & nitrogen sources via OVAT

5.1.1.1. Effect of culture medium

The ability of Bacillus sp. C4 to produce extracellular protease was monitored in various commonly used
laboratory media. These media include PY and 1/2 PY medium, 1XSG and 1/2 XSG medium, NB and 1/2 NB

medium, LB and 1/2 LB medium, as stated in the Materials and Methods.

Bacillus sp. C,4 cells produced protease enzyme when grown in all the above media. However, the amount of
the secreted enzyme varied extensively. The medium 1XSG was the most suitable medium for the production
of active protease giving 213.69 Units/mg protein after 24 hours of incubation at 37°C, while the medium 1/2

XSG was the worst, Table 6. This could be due to the fact that sporulation medium (1XSG) normally gives a
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short logarithmic phase and an extended stationary one which is convenient for the protease production.
These results are in agreement with those reported earlier (El-Dadaly and Zaid, 1999). Therefore, 1XSG

medium was used as the reference culture medium in the following studies.

5.1.1.2. Effect of inoculum size

The optimization of inoculum size is quite important, as high inoculum density can attenuate enzyme
production due to competition for available nutrients. In a similar manner, low density can result in a delay of
enzyme secretion, due to the drop in cellular number. Different inoculum sizes were used to inoculate the
1XSG medium at the level of 1, 2, 4, 6, and 8%. Proteolytic activity was optimally produced at the inoculum size

of 2% (about 31.6 x 10® CFU/mL), (Table 6).

5.1.1.3. Effect of pH

The effect of initial pH of the medium on the production of protease by Bacillus sp. C,was also tested. Cells
produced extracellular protease optimally at pH 7, (Table 7). Proteases from B. mojavensis (Beg et al, 2003)
and Bacillus sp. RGR-14 (Chauhan and Gupta, 2004) were generally produced at a medium with an initial pH
around 7. However, protease production in a medium of starting pH higher than 7 (pH 8, 9, 10, and 12) has
been also reported (Tari et al, 2006; Khusro, 2015; Lakshmi and Hemalatha, 2016; Kshetril, 2016;
Lakshmi et al, 2014).

5.1.1.4. Effect of temperature

Temperature is another critical parameter that needs to be controlled. Bacillus sp. C, was incubated at
30° 37° and 45°C in 1XSG medium for 24 hours to determine which temperature is suitable for maximal
protease production. At 37°C Bacillus sp. C, produced the maximal enzyme activity (268.37 U/mg) after 24
hours of incubation period. A sharp decline in proteolytic enzyme production was observed, when the
incubation temperature was increased from 37° to 45°C. However, proteolytic activity produced by this
bacterium at 30°C was closer to that of 37°C, (Table 6).In contrast, an optimum temperature of 45°C and 55°C
for protease production by B. subtilis and Saccharomonospora viridis SJ21 has been reported (Pant et
al,2015; Jani et al, 2012).
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5.1.1.5. Effect of agitation rate

As shown in Table 6, the agitation rate of 160 rpm favor maximum proteolytic activity and its increase
drastically lowered the enzyme yield. In some cases, higher agitation rates have been shown to decrease the
enzyme production which can be due to the denaturation of the enzyme caused by higher agitation rates (Lee
et al, 2002). Moreover, excessive agitation and aeration may lead to cell lysis (Darah and lbrahim, 1996;
Kumar et al, 2016). However, higher agitation rates have been reported to be good for protease production
from B. amyloliquefaciens (Cheng et al, 2012), B. licheniformis (Suganthi et al, 2013), B. clausii (Oskouie et al,
2008) and isolate AP11 (Kumar et al, 2016).

5.1.1.6. Effect of some carbon and nitrogen sources as well as metal ions on extracellular protease

production

In an attempt to optimize the 1XSG medium as a basic and a reference medium for protease production by
Bacillus sp. C,4, it was supplemented with several carbon and nitrogen sources as well as some salt ions, (Table
8).Carbon sources were 0.2% of Tween-20, Tween80, glycerol, and glucose and 0.3% starch. For nitrogen
sources, peptone (1%), beef extract (0.6 and 0.9%), yeast extract (0.2%), and NaNO; (0.5, 1.5, and 2%) were
used. The medium was also supplemented with the following metal ions KCl (0.4%), FeSO, (2mM), MnCl,
(0.5mM), CaCl, (2mM), CaCO; (0.3%), and MgSO, (4mM), (Table 7).

Data from Table 7 indicated that among the different carbon sources tested, starch had slightly
increased the protease production over the reference medium (1XSG), while Tween-20, Tween-80 and glycerol
did not support the production. Strong catabolite repression was observed when glucose concentration was
higher than that cited in the reference medium (Table 6). This phenomenon is well known in the control of
protease production in several microorganisms as well (Gupta et al, 2002b, Gupta et al, 2002c, Beg et al,
2003).0ur results are in accordance with those obtained by other investigators, where glycerol did not act as
an inducer for protease production (Liu et al, 2005). Interestingly, according to several reports many

surfactants acted as inducers for proteolytic synthesis in other cases (Kanekar et al, 2002; Jani et al, 2012).
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Table 6: Effect of different laboratory media, inoculum size, initial pH, incubation temperature, and

agitation rate on the production of protease by Bacillus sp. C, cells.

. . Protein Specific proteolytic
Variable or Proteolytic activity content activity
peterminant (Units/mi) (mg/ml) ( Units/mg protein)
Media
PY 244.28 2.99 81.69
% PY 270.00 1.87 144.38
1XSG 312.00 1.46 213.69
% XSG 11.22 0.82 13.68
NB 95.71 1.32 72.50
72 NB 99.28 0.85 166.80
LB 35.06 1.35 25.97
%2 LB 230.71 2.00 115.25
Inoculum size (%)
1 352.28 1.64 214.80
2 389.14 1.45 268.37
4 282.85 1.55 182.84
6 298.57 1.57 190.17
8 297.14 1.50 198.09
Ph
6 11.19 2.07 5.40
7 389.14 1.45 268.37
8 361.71 1.55 233.36
9 302.14 1.52 198.77
Temperature °C
30 345.71 1.36 254.19

77



37 389.14 1.45 268.37

45 14.83 1.99 7.43

Agitation rate (rpm)

100 257.50 1.44 178.81
160 389.14 1.45 268.37
200 69.10 1.80 38.38
250 10.04 1.58 6.35

Concerning the nitrogen sources tested (peptone, beef extract, yeast extract, and NaNO;), yeast extract
exerted the most significant effect on the production of extracellular protease by Bacillus sp. C, and higher
specific protease activity was achieved (419.06 U/mg), (Table 7). Similar reports described an enhanced
protease production in the presence of yeast extract (Reddy et al, 2008; Krishnan et al, 1998; Cheng et al,
2012). However, peptone and beef extract in amounts beyond those used in the reference medium (1XSG)
caused a significant reduction in the enzyme production. On the other hand, sodium nitrate (NaNOs) did not
have any significant effect on enzyme production, which was almost similar. However, NaNOswas a stimulatory
chemical for protease production by many microorganisms (Beg et al, 2003; Chi et al, 2007; Rathakrishnan

and Nagar ajan, 2013).

The effects of increase in the level of the existing metal ions had adverse effects on enzyme production
except for MnCl,, where the protease activity was almost constant (Table 7). However, the deletion of metal
ions from the reference medium caused decrease in the proteolytic activity over the control, and this may be
attributed to the important role of Mn, Mg, and Fe metals in the sporulation process and in other spore

properties such as heat resistance and dormancy (Kihm et al, 1988).

Table 7: Protease production by Bacillus sp. C4in 1XSG medium supplemented with different
concentrations of carbon, nitrogen sources, and metal ions. Cells were grown at 37°C for 24 hours.

Substrates supplied Enzyme activity ( Specific activity (
mg mL protein

Reference medium 389.14 1.45 268.37
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(1XSG)

Carbon sources

Tween-20 (0.2 %) 0.0 N.D 0
Tween-80 (0.2 %) 0.0 N.D 0
Glycerol (0.2 %) 0.0 N.D 0
Starch (0.3%) 318.0 1.01 314.85
Glucose (0.2 %) 0.0 N.D 0

Nitrogen sources

Peptone (1%) 186.90 1.93 96.83
Beef extract (0.6%) 220.32 1.36 162.0
Beef extract (0.9%) 284.28 1.99 142.85
Yeast extract (0.2%) 519.64 1.24 419.06
NaNO; (0.5%) 316.11 1.26 250.88
NaNOs (1.5%) 366.85 1.24 295.84
NaNO; (2%) 314.57 1.25 251.65
Metal ions

KCl  (0.4%) 186.90 1.93 96.83
FeSO, (2mM) 186.90 1.93 96.83
MnCl, (0.5mM) 383.81 1.28 299.85
CaCl, (2mMm) 186.90 1.93 96.83
MgSO, (4mM) 186.90 1.93 96.83
Without metal ions 331.71 1.70 195.12

N.D: Not detected.

5.2. Isolation of keratinase gene (s) from keratin-degrading Bacillus sp. C,4

As reported earlier (Fellahi et al, 2014) protein-degrading Bacillus sp. C, could grow and produced a

significant level of keratinase when using wool and chicken feather as substrates. A total hydrolysis of the
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feather keratin was obtained in less than three days. Therefore, a keratinolytic gene was isolated using three sets

of designed primers.

Polymerase Chain Reaction was carried out to isolate keratinase gene from strain C,. The PCR product was
found to be less than 1.5 Kb as shown in Figure 10. Sanger sequencing revealed one major open reading frame
of 1152 bps (Figure 11), which encodes a polypeptide of 383 amino acid residues. The analysis of the deduced
amino acid sequence of ker gene of the proteolytic Bacillus sp. C, showed 100% identity with alkaline serine
proteinase from B. pumilus (AC0O94164.1) and Lehensis serine protease from B. lehensis (AFP23380.1) and 99%
identity to alkaline serine protease from B. pumilus (BAE79641.1). It exhibited also significant similarity to
some known keratinases indicating its keratinolytic activity. It shares 99% identity with dehairing protease
precursor from B. pumilus (AAR19220.1), 96% similarity to keratinase precursor (ACM47735.1) and keratinase

(ADK11996.1) from B. pumilus, Table 8. Keratinase precursor has been reported to degrade chicken feather.

The three residues at the active site that form the catalytic triad and which have been found in all serine
proteases are Asp-140, His-172 and Ser-329 in polypeptide sequence of ker gene. They are predicted using the
ScanProsite tool in the ExPASy proteomics server. This result confirmed that the isolated DNA fragment (Ker
gene) encodes one of the serine proteases produced from the keratin-degrading Bacillus sp. C, strain. The gene

was subsequently submitted to the NCBI GenBank (accession number: KX184831).

Figure 10:1% agarose gel electrophoresis of PCR product (lane 1) generated from Bacillus sp. C4 using
keratinase gene specific primers. Lane M represents 1Kb DNA Ladder.
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1ATG TGC GIG AAA AAG AAA AAT GIG ATG ACA AGT GIT TTA TTG GCT GIC CCT CTT CTG TTT TCA
1M € v K K K N V M T S V L L A V P L L F S
64 GCA GGG TTT GGA GGEC TCG ATA GCA AAT GCC GAG ACT GCC TCA AAG TCA GAA AGC GAA AAA

22 A G F G G S | AN A E T A S K S E S E K
124 AGC TAT ATC GIT GGC TTT AAA GCT TCT GCC ACC ACA AAC AGC TCT AAG AAA CAA GCA GIG
42 s Y | v G F K A S A T T N S S K K Q A V
184 ACA CAA AAT GGTI GGG AAA TTA GAA AAA CAA TAC CGC CTC ATT AAT GCT GCA CAA GIG AAG
62 T Q N G G K L E K Q Y R L | N A A Q V K
244 ATG TCT GAA CAA GCC GCA AAA AAA CTT GAA CAC GAC CCT AGC ATT GCT TAT GIA GAA GAA
82 M § E Q A A K K L E H D P S | A Y V E E
304 GAC CAC AAA GCA GAA GCA TAT GCC CAA ACC GIC CCT TAT GGI ATC CCT CAA ATC AAA CCT
102 b H K A E A Y A Q T V P Y G | P Q I K A

364 CCA GCC GTA CAC GCT CAA GGT TAT AAA GGT GCT AAC GIC AAA GTA GCT GIC CTT GAT ACT
22P A V H A Q G Y K G A N V K V A V L D T
424 GGA ATC CAC GCC GCA CAC CCT GAC TTA AAT GIT GCA GGC GGTI GCT AGC TTC GIC CCT TCA

142 G | H A A H P D L N V A G G A S F V P S
484 GAG CCA AAT GCC ACA CAA GAC TTT CAA TCA CAC GGA ACT CAC GTA GCC GGA ACC ATT GCT
62 E P N A T Q D F Q S H G T H V A G T | A
544 GCC CTT GAT AAC ACG ATT GGTI GIT CTT GGG GIT GCG CCA AGC GCC TCC TTG TAT GCC GIT
182 A L D N T | G V L G vV A P S A S L Y A V
604 AAA GTA TTA GAT CGI TAC GGC GAT GGA CAA TAC AGC TGG ATT ATC AGC GGTI' ATT GAA TGG
200 K vV L b R Y G D G Q Y S W I | S G | E W
664 GCT GIT GCC AAT AAC ATG GAT GIC ATC AAT ATG AGC TTA GGEC GGA CCA AAC GGC TCC ACA
222 AV A N N M D V I N M S L G G P N G S T

724 GCG CTT AAA AAT GCT GTA GAC ACA GCG AAT AAC CGC GGA GTA GIT GIC GIT GCC GCA GCA
242 A L K N A V D T A N N R G V V V V A A A
784 GGG AAT TCA GGT TCA ACT GGC TCT ACT AGC ACC GIT GGC TAT CCT GCA AAA TAC GAC TCT
262 G N s G s T G S T S T V G Y P A K Y D S
844 ACA ATT GCT GIT GCC AAC GIG AAC AGC AAC AAT GTC AGA AAC TCG TCT TCA AGC GCA GGT
282 | AV A N V N S N N V R N S S S S A G
904 CCT GAA TTA GAT GIT TCT GCA CCT GGI ACA TCT ATT TTA AGI ACA GTA CCA AGC AGT GGA
302 P E L b v 8§ A P G T s |1 L s T VvV P S S G
964 TAT ACA TCT TAT ACG GGA ACA TCG ATG GCA TCT CCT CAT GTA GCA GGA GCA GCA GCG CIT
322 vy T s Y T G T S M A S P H V A G A A A L
1024 ATC CTT TCT AAG TAT CCG AAT CTA TCA ACT TCT CAG GIT CGI CAG CGC TTA GAA AAT ACA

—

342 | L S K Y P N L S Q VvV R Q R L E N T N T
1084 GCA ACA CCG CTT GGI' AAT TCG TTC TAT TAC GGA AAA GGA TTA ATT AAC GIT CAA GCG GCT TCT AAC TAA
362 A T P L G N S F Y Y G K G L | N V. Q A AS N Stop

Figure 11: The full length for the isolated keratinase gene (ker gene) and its educed amino acid sequence. Amino
acid sequence starts with methionine (Met-) residue, and is represented by the single-letter code.
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Table 8: Sequence analysis of ker gene isolated from strain C, using NCBI’s BLASTX2.6.0+ program.

Description Organism Sequence Accession
Alkaline serine proteinase B. pumilus 100 AC094164.1
Lehensis serine protease B. lehensis 100 AFP23380.1
Alkaline serine protease B. pumilus 99 BAE79641.1
Dehairing protease precursor B. pumilus 99 AAR19220.1
Peptidase S8 B. pumilus 99 WP_026050071.1
Alkaline serin proteinase B. pumilus 99 BAA93474.1
Protease B. pumilus 99 ADK63096.1
Peptidase S8 MULTISPECIES: Bacillus 99 WP_008348814.1
Serine alkaline protease (subtilisin E) | B. stratosphericus LAMA585 99 EMI14709.1
Subtilisin Carlsberg Bacillus pumilus ATCC 7061 99 EDW22774.1
Peptidase S8 B. pumilus 99 WP_034620013.1
Peptidase S8 B. pumilus 99 WP_041093123.1
Peptidase S8 B. stratosphericus 99 WP_039962807.1
Peptidase S8 B. invictae 99 WP_045034875.1
Peptidase S8 B. pumilus 99 WP_044140726.1
Peptidase S8 B. aerophilus 99 WP_041507592.1
Peptidase S8 B. altudinis 99 WP_039167642.1
Peptidase S8 B. pumilus 98 WP_012009474.1
Serine alkaline protease B. circulans 98 ADNO04910.1
Serine alkaline protease (subtilisin E) | B. pumilus 98 KIL22204.1
Serine alkaline protease, B. pumilus 98 CA003040.1
Peptidase S8 B. sp. DW5-4 98 WP_034323660.1
Peptidase S8 B. pumilus 98 WP_041117216.1
Peptidase S8 B. safensis 98 WP_034282323.1
Peptidase S8 B. pumilus 98 WP_034663897.1
Serine alkaline protease (subtilisin E) | B. pumilus 97 KIL10386.1
Peptidase S8 B. pumilus 97 WP_041110188.1
Peptidase S8 B. sp. WP8 96 WP_039183048.1
Keratinase precursor B. pumilus 96 ACMA47735.1
Serine alkaline protease (subtilisin E) | Bacillus sp. HYC-10 96 KIL09959.1
Peptidase S8 B. xiamenensis 96 WP_008359041.1
Organic solvent tolerant protease B. pumilus 96 AAU88064.1
Keratinase B. pumilus 96 ADK11996.1
Peptidase S8 B.safensis 96 WP_029706931.1
Peptidase S8 B. pumilus 96 WP_041089929.1
Peptidase S8 B. safensis 96 WP_044335827.1
MULTISPECIES: peptidase S8 Bacillus 96 WP_025093353.1
Peptidase S8 B. pumilus 95 WP_024426548.1
Serine alkaline keratinase Brevibacillus brevis 95 AGO58466.1
Alkaline serine protease precursor B. pumilus 95 ACMO07731.1
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Serine alkaline keratinase B. circulans 94 AGN91700.1

5.3. Bacillus sp. C, genome sequencing and de novo assembly

To search for further putative keratinase genes and to provide the genomic information involved in keratin
degradation, the whole genome sequencing of Bacillus sp. C, strain was performed by next generation
sequencing using an Illumina Miseq system, according to the manufacturer’s protocol for 2x150 bp chemistry

by Eurofins Genomics, Germany. Both genomic shotgun (SG) and 8Kbp mate paired libraries sequencing were

performed.

After trimming in shotgun sequencing, 7,416,279 paired-end reads (2,200,746,668 bp) with an average
length of 148 bp were obtained (Table 9). However, in mate-paired (8 KB) library sequencing, 5 865 628
paired-end reads and 5 957 589 reads, were obtained (Table 10).

Table 9: Trimmomatic report for SG reads.

Surviving Pairs

Total Entries: 14 832 558
Tota Length: 2200 746 668
Min Length: 70

Max Length: 150

Mean Length: 148

Modal Length: 150

N50: 150

N9O: 150

GC Content: 41,9

#A: 639 762 482
#T: 639 837 822
#G: 460 371 913
#C: 460 774 135
#N: 316

#Others 0
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Table 10: Processed read data for the cleaned LJD read sequences (i.e. adaptor sequences and bad
quality bases were removed).

LJD forward LJID reverse singleton
Suffix
Total Entries 5 865 628 5 865 628 5 957 589
Total Length650 167 636 624 280 354 612 849 897

Mean Length 110 106 102

Expected Insert Size (based on lab measur ements):
Library Type Size

8kb 7865 bp

De novo sequence assembly and scaffolding was done by Eurofins Genomics in Germany using the Newbler
assembler software v2.9. The number of resulting contigs was in total 117 with lengths ranging from 100 bp to
282,994 bp and an Nsq value of 72817 bp. The number of scaffolds was two with 5,386 bp and 3,659,360 bp
respectively and an Nsq value of 3,659,360bp, (Table 11). The scaffold 2 was the phiX library added before
sequencing to estimate the sequencing quality. Various filtering steps are applied to the illumina sequences in
order to remove phiX related reads. Nevertheless a small fraction of phiX reads may remain. They have been

omitted with some doublette sequences when subjected to NCBI for genome annotation.

The results indicate that Bacillus sp.C, genome consist of one circular chromosome containing 3,659,360 bp
with an average G+C content of 41.4%. No plasmids were found during the genome analysis, and none were
found by agarose gel electrophoresis (data not shown). The G+C content was in good agreement with that of
the closely related species Bacillus pumilus Ku bfl (41, 6%) and Bacillus pumilus W3 (41.39%), respectively.
(Balsingh et al, 2016; Guan et al, 2015)



Table 11: Assembly statistics.

Total Entries(Contigs) 117
Min Length100

Max Length282 994

Mean Length 31122

N5072 817

N9022 028

G+C Content 41,3%

Scaffold 1

Length(bp)3,659,360
G+C Content 41.4%

N50 3,659,360

Scaffold 2
Length (bp) 5 386(is phiX)

G+C Content 44, 7%

5.4. Genome Annotation

Genome assembly is followed by gene prediction/annotation, a computational process in which regions of
the DNA containing coding genes are identified. The whole genome sequence of Bacillus sp. C;was annotated
by submitting it to the web based automated Bacterial Annotaion System (BASys) and the prokaryotic

annotation pipeline at the National Center for Biotechnology Information, Bethesda, U.S.A. (NCBI).

The annotation results indicated that Bacillus sp C, belongs to the B. pumilus group of organisms. NCBI
Prokaryotic genome annotation pipeline predicted a total of 3,698 genes, 3,596 coding sequences (CDS), 71
RNA genes and 31 pseudogenes. The RNA coding genes predicted include 60 tRNAs, 10 rRNAs, and 1 non-
coding RNA (ncRNA), (Table 12 and Figure 12). The genome was found to be 99.6 % complete when analyzed.
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This whole-genome Bacillus pumilus C, sequence has been deposited at NCBI GenBank under the accession

number CP011109. The bio-project number was PRINA278012.

Table 12: General features of Bacillus pumilus C,genome.

Features

Chromosome

Molecular shape

Genome size (bp)

C+G content (%)

Total number of genes

Protein coding genes (CDSs)

Pseudo genes

rRNAs (5S, 16S, 235)

tRNAs

n.c RNA

Frameshifted genes

Circular

3,659,360

41.4

3,698

3,596

31

10

60

15
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Scaffold 00001

Genes encoding proteins
B Forward strand
B Feverse strand

Genes encoding functional RNA
Forward strand

0 Reverse strand
COG functional categories

Information storage and processing

B Translation, ribosomal structure and bicgenesis
Transcription
DA replication, recombination and repair

Cellular processes
Cell division and chromosome partitioning

W Posttransiational modification, protein turnaver, chaperones
Cell envelope biogenesis, outer membrane

B Cell motility and secretion
Inorganic ion transport and metabolism

B signal transduction mechanisms

o LR
TR T )

i

e

I J‘_:f ‘i

Length: 3,659,361 bp

Metabolism
B Energy production and conversion
B carbohydrate transpaort and metabolism
B Amino acid transport and metabolism
Nuclegtide transport and metabolism
Coenzyme metabolism
Lipid metabolism
B 5econdary metabolites blosynthesis, transport and catabollsm
Poorly characterized
General function prediction only

© Function unknown

Figure 12: Circular representation of Bacillus pumilus C, genome.

The outer and inner circles indicate the chromosomal location in kilobases from base 1, the start of the
replication origin(Each tick is 40Kb). Circlesin red and bleu colours are coding sequencestranscribed in the

Clockwise direction and in the counterclockwise direction, respectively. Genes displayed in the second and

fifth circles are color-coded according to different functional categories:

87



BASys and NCBI annotations of Bacillus pumilus C, genome revealed the presence of a number of additional
genes that are known to be involved in protein degradation. Eighty one candidate genes for peptidase were
found overall in the draft genome. Six (06) genes were annotated as putative peptidase S8, five (05) serine
protease related genes, two (02) genes as putative zinc-metallo-proteases and one (01) as putative cysteine
protease. Among the six peptidase S8 related genes, two genes were predicted as subtilisins based on BASys
annotation. The first one is the Ker gene (accession number: KX184831) previously isolated in this study. It
was designated Kerl gene. The second one is a homolog to Kerl and was named Ker2. This gene was
subsequently submitted to NCBI GenBank (Accession Number: KX 184832), Figure 13.

1 ATGAAAGGGAGAGT GGGTATCGT GAAGGT CAAATCAT T TGGAGCAGGECT
51 TTGTATGGCAAGTATGCTACT GGCATCGATGACATTCGGECCCATCAGATG
101  TATCTGCAAAGGATCAAGCAAAAAAAGAGTATATGATCGGTTTTTCTTCT
151  TCCGITCAAGACAAAACACAAAAACAGCT TGT TGAAAAGGCCGEECGGT CA
201  TGTGAAAGAATCAATAGAGAAAATAGATATGATGAAAGI TTCGT TGAACG
251  AAGCATCAAAAGAAAAACTACATCAAGCAAAAGAAGITACTTTTATTGAG
301 GAAGACCAAAAAGCAAAAACAAGCGGT CAAAGCGT TCCTTATGGCATCAA
351  AAGCATCAAAGCACAAAAGGTACATAAACGAGGATATGCCGGACAGAATG

401  TCAAAGTAGCTGITCTTGACAGI GGAATCGACGGCAAGCATGAAGATTTA
451  TGACCCGCATGAACACGGAACTCACGT TGCAGGCACGATCGCAGCATTAG
501 CATGTAACTGGT GGTGTCAGCTTTGI TCCAACAGAGT CCGAT CCGCTCGT
551  ATAATAAAGTAGGCGI CGT TGGT GTGGCACCAAAAGCTTCGATCTATGCG
601 GTGAAAGT GGCAGAT GAAAAT GGTGACGGCTACTATAGCTGGATCATTAA
651  AGGCATTGAATGGGCGATTGAGAATGAGATGGATGTCATCAATATTAGTA

701  TGGGGEGGAGCAAGT GAAT CGGAGGCGCT GAAAGAAGCGGT AGATCGAGCA

Figure 13: The full length for the ker 2 gene.

Using de novo sequencing and genome annotation we could identify a second gene for putative keratinase,
named Ker2 gene. The ORF of this gene has 1152 bp, an equa amount of base pairs as Kerlgene, with an ATG
start codon and a TAA stop codon (Figure 13). The two genes had a gene sequence similarity of 67% using
blastn at NCBI.

The deduced amino acid sequence of ker2 gene of B. pumilus C,contained 383 amino acid residues and the
three residues at the active site that form the catalytic triad in all subtilisins are Asp-140, His-172 and Ser-329.
Comparison of this amino acid sequence of the ker2 gene using the online BLASTX showed 100% identity with
serine alkaline protease (subtilisin E) of B. stratosphericus LAMA 585 (Accession number EM112150.1) and
peptidase S8 of multispecies Bacillus (Accession number WP_035390997.1), 99% identity with subtilisin
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Carlsperg of Bacillus sp. M 2-6 (Accession numberEIL84986.1), peptidase S8 of Bacillus pumilus (Accession
number WP_029575389.1) and subtilisin Carlsberg of Bacillus pumilus (Accession number KIL26870.1), Table

13.

Table 13: Sequence comparison of the Ker 2 gene of Bacillus pumilus. C, using BLASTX 2.6.0+ program.

Description Organism sequence Accession number
Serine alkaline protease (subtilisin E) | B. stratosphericus LAMA 585 100 EMI12150.1
Peptidase S8 MULTISPECIES: Bacillus 100 WP_035390997.1
Subtilisin Carlsberg B. sp. M 2-6 99 EIL84986.1
Peptidase S8 MULTISPECIES: Bacillus 99 WP_034647494.1
Peptidase S8 B. pumilus 99 WP_029575389.1
Subtilisin Carlsberg B. pumilus 99 KIL26870.1
Peptidase S8 B. altitudinis 99 WP_035702958.1
Peptidase S8 B. pumilus 99 WP_026050107.1
Pubtilisin B. altitudinis 41KF2b 99 KDE30915.1
Peptidase S8 B. sp. DW5-4 95 WP_034319985.1
Peptidase S8 B. pumilus 95 WP_044141213.1
Peptidase S8 B. pumilus 94 WP_034620505.1
Peptidase S8 B. pumilus 94 WP_034661158.1
Subtilisin Carlsberg B. pumilus 94 KIL17080.1
Subtilisin Carlsberg B. pumilus ATCC7061 94 EDW21217.1
Peptidase S8 B. pumilus 93 KDE52880.1
Peptidase S8 B. safensis 93 WP_034622393.1
Peptidase S8 multispecies: Bacillus 93 WP_029708034.1
Peptidase S8 B. pumilus 93 WP_041117873.1
Peptidase S8 B. safensis 93 KEP30825.1
Peptidase S8 B. safensis 93 WP_029706051.1
Peptidase S8 B. pumilus 93 WP_041109684.1
Subtilisin Carlsberg B. pumilus 93 KIL21504.1
Subtilisin Carlsberg B. pumilus 92 KIL11523.1
Peptidase S8 B. sp. HYC-10 92 WP_008361817.1
Peptidase S8 B. safensis 92 WP_034280781.1
Peptidase S8 B. sp. WP8 92 WP_039183179.1
Subtilisin B. safensis FO-36b 92 KDE29455.1
Peptidase S8 B. safensis 91 WP_046312283.1
Peptidase S8 B.pumilus 91 WP_041086842.1
Subtilisin Carlsberg B. pumilus 90 KIL15277.1
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The results indicated that the protease producer Bacillus pumilus C, has at least two genes encoding
subtilisin-like serine proteases belonging to the peptidase S8 Family (Clan SB; Sub family S8A). Most
keratinases isolated from the Bacillus sp. belong to the subtilisins which are typical members of the serine
protease family (Lange et al, 2016). Keratinases are a specia kind of proteolytic enzymes that display the
capability of degrading keratins (Liu et al, 2013).

Serine proteases are the largest family of proteolytic enzymes (McKerrow et al, 1993) and are grouped into
14 clans with 27 families, in the MEROPS database (the peptidase database at http://merops.sanger.ac.uk/)
(Rawlings et al, 2006). According to MEROPS, subtilases are the second largest family of serine proteases in
terms of number of sequences and characterized peptidases. They are grouped under the S8 family of SB clan
and are characterized by a catalytic triad of three amino acids, namely aspartate, histidine, and serine. They are
further classified into two sub families namely prokaryotic subtilisins or subtilisin-like serine proteases (S8A)
and eukaryotic kexins (S8B) (Rawlings et al, 2008).

These proteases show broad substrate specificity, have usually a molecular mass in the range 18-90 kDa.
They are generally active at neutral and alkaline pH, with optima at pH 7-11 (Rao et al, 1998) and irreversibly
inhibited by PMSF (Phenyl-methane-sulfonyl-fluoride) (Powers et al, 2002). This is in agreement with our
earlier findings (Fellahi 2009). Our previous study (Fellahi, 2009) revealed that the partial purified protease
fraction from Bacillus pumilus C, is optimally active at pH of 8.5 and 10. It was inhibited by the serine peptidase

inhibitor, PMSF.

A single kind of keratinolytic protease is not sufficient for efficient keratin degradation, and this suggests that
degradation of this recalcitrant material requires the cooperative action of multiple enzymes (Yamamura et al,
2002). Bacillus pumilus C, can utilize and decompose compact hard keratinaceous materials such as chicken
feathers and sheep wool as sole carbon and nitrogen source (Fellahi et al, 2014). The presence of all these
protease-related genes may explain the broad substrate specificity of this protein degrader strain and especially
the remarkable keratinolytic activity observed from its culture broth toward both a- and -keratin in less than
three days. So far, the vast mgjority of the identified keratinase producing organisms appear to be able to
hydrolyze only B-keratin in chicken feather and few are known to hydrolyze both a- and -keratin. (Gupta et al,
2013).

5.5. Identification of the enzyme fraction related to protein utilization by Bacillus pumilus strain C,

The crude protease fraction produced by growing Bacillus pumilus C, on the optimized medium showed
after partial purification followed by SDS-PAGE and staining with Coomassie brilliant blue R-250 several bands,

(Figure 14). One distinct and one weaker band with molecular weights of about 36 and 28 kDa respectively,
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when comparing with the molecular weight marker, were subjected to protein identification by nano HPLC-

ESI-MS/MS and Mascot database search.

The Mascot search result using the B. pumilus entries from the Ref Seq protein data base and the amino

sequences retrieved from the Kerland Ker2genes can be seen in table 14.
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Figure 14: The dialyzed proteolytic enzyme investigated on SDS-PAGE
using a 12 % gel. Two bands at 36 and 28 kDa, respectively, were excised
for protein identification (Lane 1). Lane M corresponds to molecular

weight protein marker.
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Table 14: Protein identification by MASCOT Search on the purified enzyme from Bacillus pumilus

strain C, using Ref Seq protein data base and the two amino acid sequences retrieved from Kerl and

Ker2 genes.

SDS-PAGE Identified protein MASCOT MASCOT

band
peptides identified ion score®

land2 Keratinase 1 GVVVVAAAGNSGSTGSTSTVGY PAK 146
YDSTIAVANVNSNNVR 122
YPNLSTSQVR 58
QRLENTATPLGNSFYYGK 81
LENTATPLGNSFYYGK 102
GLINVQAASN 85

1 Keratinase 2 VGVVGVAPK 61
VADENGDGYYSWIIK 80
SGTSMASPHVAGAAAVILSK 107
HPNLTNDELR 54
HPNLTNDELRER 34

1 Peptidase S8 VGVVGVAPK 61

(gi|648268958)

VADENGDGYY SWIIK 80
SGTSMASPHVAGAAAVILSK 107
LGEPFYYGAGLVNVQK 106

?: Individual ion scores >26 indicates identity or extensive homology at 95 % level of confidence

Mascot Search results indicated that the partial purified protease fraction in fact consists of two enzymes,
corresponding to the previously identified genes Kerland Ker2 of the B. pumilus strainC,. When using only the
B. pumilus entries from the RefSeq protein data the peptides from MS/MS data were identified as peptidase
S8.

92



Figure 15 illustrates the peptides from Ms/Ms identified in keratinase 1, keratinase 2 as well as peptidase
S8 (gi|648268958) and their distribution in the respective enzymes. As can be seen keratinase 2 shares three
peptides with peptidase S8 (gi| 648268958) while keratinase 1 does not have any peptide in common with the
identified Peptidase S8.

Keratinase 1

1
51
101
151
201
251
301

MCVKKKNVMT SVLLAVPLLF
ATTNSSKKQA VTQNGGKLEK
EDHKAEAYAQ TVPYG PQ K

NVAGGASFVP SEPNATQDFQ SHGTHVAGTI

VKVLDRYGDG QYSW | SG E
NNRGVWWVAA AGNSGSTGST
GPELDVSAPG TSI LSTVPSS

SAGFGGS| AN AETASKSESE
QYRLI NAAQV KVBEQAAKKL
APAVHAQGYK GANVKVAVLD
AALDNTI GVL
WAVANNMDVI  NVBLGGPNGS
STVGYPAKYD STI AVANVNS
GYTSYTGTSM ASPHVAGAAA

KSYI VGFKAS
EHDPSI AYVE
TA HAAHPDL
GVAPSASLYA
TALKNAVDTA
NNVRNSSSSA
LI LSKYPNLS

351 TSQVRQRLEN TATPLGNSFY YCKGLI NVQA ASN

Keratinase 2

1 MKGRVG VKV KSFGAGLCMA
51 SVQDKTQKQL VEKAGGHVKE
101 EDQKAKTSGQ SVPYG KSI K
151 HVTGGVSFVP TESDPLVDPH
201 VKVADENGDG YYSW | KG E
251 YDNG LI VAS AGNAGSYGSL
301 GEEVEVSAPG VSTLSTI PHN
351 NDELRERLTK

Peptidase S8 (gi|648268958)

1 MASMLLASMI FGASDVSAKD

KKEYM GFSS
HQAKEVTFI E
SG DGKHEDL

SMLLASMIFG ASDVSAKDQA
SI EKI DMVKV SLNEASKEKL
AQKVHKRGYA GQNVKVAVLD
EHGTHVAGTI AALDNKVGWW GVAPKASI YA
WAl ENEMDVI NI SMGGASES EALKEAVDRA
NTI DYPAKYS SVMAVASVDQ RKQRAFDSSV
EYGYKSGTSM ASPHVAGAAA VI LSKHPNLT

QAKKEYM GF SSSVQDKTQK QLVEKAGGHV
51 KESI EKI DMM KVSLNEASKE KLHQAKEVTF | EEDQKAKTS GQSVPYG KS
101 | KAQKVHKRG YTGQNVKVAV LDSG DGKHE DLHVTGGVSF VPTESDPLVD
151 PHEHGTHVAG Tl AALDNKVG VWGVAPKASI YAVKVADENG DGYYSW | KG
201 | EWAI ENEMD VI NI SMGGAS ESEALKEAVD RAYDNG LIV ASAGNAGSYG
251 SLNTI DYPAK YSSVMAVASV DQRKQRAFDS SVGEEVEVSA PGVSTLSTI P
301 HNEYGYKSGT SVASPHVAGA AAVI LSKHPN LTNDEVRERL TKTATKLGEP
351 FYYGAGLVNV QKAAR

Figure 15: The distribution of peptides from MS/MS in keratinase 1, keratinase 2 and peptidase S8
(gi|648268958). Matched peptides are shown in bold red.

Analysis of the protein fraction related to protease activity produced by Bacillus pumilus C, through nLC-ESI-
MS/MS followed by Mascot database search confirmed that the two genes kerl and ker2 encode keratinolytic
proteases and this bacterial strain produces at least two different keratinolytic proteases belonging to the

Protease S8 family.
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Recent findings suggest that several proteases may have keratinolytic activity but that such activity only
leads to full keratin decomposition if several different keratinolytic enzymes act together (Huang et al, 2015;
Lange et al, 2014).Huang found that the combination of three novel proteases from Onygena corvine
belonging to three protease families (S8, M28, and M3) can efficiently degrade keratin. Also this finding is in
agreement with earlier conclusions (Yamamura et al, 2002). Yamamura and his group found that for the
bacterium Stenotrophomonas sp D-1 it was not sufficient with one protease for effective keratin degradation
but two different keratinases were needed. This suggests that keratin degradation requires the cooperative
action of multiple enzymes. With such complexity, it is relevant to compare microbial keratin decomposition

with the microbial decomposition of well-studied polymers such as cellulose and chitin.

The above results suggest that the broad substrate specificity and the high keratin-degrading activity
towards both alpha and beta keratins observed from culture broth of B. pumilus C, originates from the
production of more than one keratinolytic proteases. This characteristic makes Bacillus pumilus C, as a potent
candidate in a cost effective pretreatment step of keratin rich wastes in waste refinery as the two waste fractions,
avian feather and sheep wool, do not have to be separated before hydrolyzation of the protein into valuable
feedstuff and for the biogas production.
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Conclusion and Per spectives

The current study was carried out with the objective of improving the production of the
extracellular protease of Bacillus sp. C,4, screening for some proteases related to the keratin-
degrading ability of this strain and identifying the secreted proteases in the optimized medium
and their relationship to the previoudly identified proteases for this bacterium.

Based on a two-step strategy, One-Variable-at-aTime approach followed by Central
Composite Design (CCD), an overal of 1.8-fold enhancement in extracellular protease
production was achieved in the optimized medium as compared to the un-optimized medium.
Under the optimal conditions the extracellular protease production started earlier than that

produced in the non-optimized conditions.

By genomics approaches; PCR amplification, de novo sequencing and genome annotation,
for the protease producer and keratin degrading Bacillus pumilus C, at least two genes
encoding subtilisin-like serine proteases (kerl, KX184831 and Ker2, KX 184832 genes) were
identified. The annotation results also indicated that Bacillus sp. C4 belongs to the B. pumilus
group of organisms and suggested eighty-one candidate genes for protease and peptidase
overal in the draft genome.

nLC-ESI-MS/MS followed by Mascot database search of the partial purified protease
fraction produced in the optimized medium confirmed that the two genes kerl and ker2
encode proteases and this bacteria strain produces at least two different enzymes belonging to
the Protease S8 family. This finding could explain the broad substrates specificity and the
remarkable keratinilytic activity of Bacillus pumilus C, towards both types of keratins. The
literature supported that keratin degradation requires the cooperative action of multiple

enzymes.

Taken together, these findings makes Bacillus pumilus C,4 as a potent candidate in a cost
effective pretreatment step of keratin-rich wastes in waste refinery as the two waste fractions,
avian feather and sheep wool, do not have to be separated before hydrolyzation of the protein
into valuable feedstuff for the biogas production. As well as these enzymes could possibly
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find a use for degrading keratinaceous wastes and provide proteins, peptides, and amino acids

as vauable ingredients for animal feed.

Further confirmation of the keratinolytic activity of these two identified proteases, could be
achieved via keratin zymography. Cloning of the two genes, kerl and ker2, into a suitable
efficient expression vector for gene expression purposes will be needed in an attempt to
enzyme purification and biochemical characterization. The results more greatly encourage the
isolation and characterization of all the predicted protease genes in Bacillus pumilus
C,genome to identify the onesinvolved in keratin utilization and that may help understanding

the keratin decomposition mechanism which istill now still unclear.
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Abstract

The Bacillus strain (CCUG 66887) has a high capacity to excrete keratinase with the ability to degrade both alpha- and
beta keratin. In this study we aimed to show the characteristics of the keratinolytic protease and to identify its gene
by using liquid chromatography—electrospray ionization tandem mass spectrometry methods (nanoHPLC-ESI-MS/
MS) followed by Mascot data base search. The results showed that the enzyme in fact consists of two different
keratinases, both with a molecular mass of 38 kDa. Further, DNA sequencing generated the open reading frame (ORF)
of one of the genes (KerT), and de novo genome sequencing identified the ORF of the second gene (Ker2). The two
keratinase genes contain 1153 base pairs each and have a gene similarity of 67 %. In addition, the Bacillus strain was
classified as Bacillus pumilus and its genes were annotated in the GeneBank at NCBI (accession: CP011109.1). Amino
acid sequences alignment with known B. pumilus proteases indicated that the two keratinases of B. pumilus strain C,
are subtilisin-like serine proteases belonging to the Protease S8 family. Taken together, these result suggest the two
keratinases as promising candidates for enzymatic processing of keratinous wastes in waste refinery.

Keywords: Bacillus pumilus, Keratinase, a-Keratin, 3-Keratin, NanoHPLC—ESI-MS/MS, DNA sequencing

Introduction

Annually, just the global feather waste from the poultry
processing industry reaches 8.5 million tons. At present,
the poultry feathers are dumped, buried, used for land
filling, or incinerated, resulting in environmental chal-
lenges in terms of storage, handling, emission control,
and ash disposal (Agrahari and Wadhwa 2010). Poultry
feathers are also turned into feather meal used as ani-
mal feed because of the high protein content. However,
the use of waste for animal feed is becoming tighter
(Commission of the European Communities 2000).
Additionally, the high treatment costs make the process
economically unfeasible. An environmentally and eco-
nomically promising process to recover the feather waste
is to produce renewable energy by e.g. anaerobic diges-
tion. In this process, not only does the valuable methane
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and indicate if changes were made.

result as a byproduct, but also digested residues are
formed. The latter can safely be used as a fertilizer, since
pathogens presented in the feather waste have been erad-
icated in the process (Salminen and Rintala 20024, b).
The recalcitrant keratin is the major compound in
several biological materials. It is also the waste product
in poultry, slaughterhouse, leather- and fur processing
industries and consists of feather, hair, horn, hoof, nails,
claws, wool, and bristles (Kornillowicz-Kowalska and
Bohacs 2011). While some of the materials like hair or
wool, to a great extent, are composed of the helix form
of a-keratin, other materials such as feather are largely
composed of the flat form of B-keratin. Among the two
different types of keratin structures, the content of sul-
fur varies giving the keratin a softer or harder structure
and affects the degradation of the keratinous material to
a greater extent (Brandelli et al. 2010). A large number of
microorganisms have been reported to produce kerati-
nases (Brandelli et al. 2010; Gupta and Ramnani 2006;
Onifade et al. 1998), and among bacteria, the best studied
are organisms from the genus Bacillus (Gobinath et al.
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2014). Keratinases (EC 3.4.99.11) are serine- or metallo-
proteases (Gupta and Ramnani 2006), and many bacterial
keratinases have been sequenced, cloned, and character-
ized indicating a sequence similarity with the subtilisin
family, Family S8, of serine proteases (Rawlings and Bar-
ret 1993).

The isolation and characterization of a keratin-degrad-
ing bacterium, Bacillus sp C,, has been reported by this
lab. The proteolytic activity was broadly specific, and the
bacterium could grow and produced a significant level
of keratinase when using wool or chicken feather as sub-
strates. A total hydrolysis of the keratinous waste was
obtained in less than 3 days (Fellahi et al. 2014). Also this
proteolytic enzyme has shown activity and stability over
a broad pH range with two distinct optima, one at pH 8.5
and the other at pH 11, indicating that it might be not
one but two enzymes. Its activity was completely inhib-
ited by phenylmethylsulfonyl fluoride (PMSF) pointing
out that the enzyme is a serine protease (Fellahi 2009).

In an attempt to increase our understanding of the
Bacillus strain’s ability to simultaneously hydrolyze both
a- and B-keratin, we in this study aimed to show the char-
acteristics of the keratinolytic protease and to identify its
gene. So far, the vast majority of the identified keratinase-
producing organisms appears to be able to hydrolyze only
the B-keratin in the chicken feather (Gupta et al. 2013),
which gives the keratinolytic protease from this strain a
potential for simultaneous degradation of both types of
keratin in waste refinery.

Materials and methods

Bacterial strain and medium

The microorganism used in this study was Bacillus sp.
C,; CCUG 66887. It has earlier been isolated from the
compost and identified using biochemical tests and 16S
rDNA technique (GenBank accession: FJ214667) (Fellahi
et al. 2014). Before the strain was used for protease pro-
duction it was grown at 37 °C for 24 h on peptone yeast
extract medium containing Bactopeptone, 10 g/l; Yeast
extract, 5 g/l and NaCl, 5 g/l.

Keratinase gene sequence determination

Multiple sequence alignment with CLUSTALW?2 (http://
www.ebi.ac.uk/Tools/msa/clustalw2/) (Chenna et al.
2003) was used to align keratinase genes from different
Bacillus pumilus strains to investigate the resemblance
among the strains to be able to choose one strain for
designing the first sequencing primer set (F: TTAGAA
GCCGCTTGAACGTTA, R ATGTGCGTGAAAAA
GAAAAATGTG). Genomic DNA was isolated from
strain C, using MasterPure" Gram Positive DNA Puri-
fication Kit (Epicentre), and the DNA was sent together
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with the sequence for the first primer set to Eurofins
Genomics, Germany where the primers were synthe-
sized and both DNA strands sequenced by Sanger
method. From the retrieved two DNA sequences, a new
primer set (F: AAGTATTAGATCGTTACGGCGATG
GAC, R: CCAAGAACACCAATCGTGTTATCAAGQG)
was designed and once again sent to Eurofins Genom-
ics together with genomic DNA. This procedure was
repeated a third time with primer (F: TTGCCAACGT
GAACAGCAAC) to determine the open reading frame
(OREF) of the gene.

De novo sequencing and genome annotation

To be able to search the genome of strain C, for addi-
tional putative keratinase genes, de novo sequencing of
the whole genome using the instrument MiSeq and the
MiSeq Control Software 2.3.0.3 was performed by Euro-
fins Genomics, Germany. The sequence assembly and
scaffolding was done using the Newbler assembler soft-
ware v2.9. The genome sequence was annotated using the
prokaryotic annotation pipeline at the National Center
for Biotechnology Information, Bethesda, USA (NCBI).

Partial purification of proteases for nanoHPLC-ESI-MS/MS

The protease production from Bacillus C, strain was
done according to Fellahi and coworkers. (Fellahi et al.
2014). In short: the C, strain was grown in 50 ml of
modified Schaeffer’s medium (Leighton and Doi 1971)
containing Beef extract, 3 g/1; Bactopeptone, 5 g/l; KCl,
2 g/l; Yeast extract, 2 g/l; pH 7, and supplemented with
2 mM MgSO,.7H,0; 1 mM CaCl,; 0.1 mM MnCl2; 1 mM
FeSO, and 0.1 % (w/v) glucose. The production was
done using a 250-ml E-flask with a 2 % inoculum size in
a shaker incubator (Excella 24, New Brunswick Scientific)
at 37 °C, 160 rpm. After 24 h, the cell-free supernatant
was received by centrifugation at 8000 rpm for 15 min at
4 °C (Optima Max-XP, Beckman Coulter).

For the identification of the enzyme by nanoHPLC-
ESI-MS/MS the cell-free supernatant was precipitated
by adding NH;SO, to 65 % saturation at 4 °C and slowly
mixing in a shaker incubator (Excella 24, New Brunswick
Scientific) for 1 h. The precipitate was collected by cen-
trifugation at 12,000 rpm for 30 min at 4 °C (Optima
Max-XP, Beckman Coulter). The pellet was re-suspended
in 500 pl of 20 mM Tris—HCI buffer, pH 8, followed by
dialysis overnight against the same buffer. Proteolytic
activity was measured as described by Cliffe and Law
(1982), using Hide Powder Azure (HPA, Sigma) as sub-
strate. Approximately 20 ug of the purified enzyme was
run on a 12 % SDS-PAGE-gel, according to Laemmli
(1970) along with a molecular weight protein marker (All
Blue Protein Precision Standard, Bio-Rad).
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Protein identification by nanoHPLC-ESI-MS/MS and data
base search

Protein identification of the crude enzyme was performed
by Proteome Factory AG, Germany. Two protein spots
from a 12 % SDS-PAGE-gel were cut out and digested
in-gel by trypsin (Promega, Mannheim, Germany) and
analyzed by nanoHPLC-ESI-MS/MS. The LCMS system
consisted of an Agilent 1100 nanoHPLC system (Agi-
lent, Waldbronn, Germany), PicoTip electrospray emitter
(New Objective, Woburn, MA, USA), and an Orbitrap
XL or LTQFT. The retrieved peptides were analyzed
using an ultra-mass spectrometer (ThermoFisher Scien-
tific, Bremen, Germany). Peptides were first trapped and
desalted on the enrichment column Zorbax 300SB-C18,
0.3 mm x 5 mm (Agilent) for 5 min (solvent: 2.5 % ace-
tonitrile/0.5 % formic acid), then separated on a Zorbax
300SB-C18, 75 pm x 150 mm column (Agilent) using
a linear gradient from 10 to 32 % B (Solvent A: 5 % ace-
tonitrile in water, Solvent B: acetonitrile. Both solvents
contained 0.1 % formic acid). Ions of interest were data-
dependently subjected to MS/MS according to the
expected charge state distribution of the peptide ions.
MS/MS ion search of the Mascot search engine (Matrix
Science, London, England) was performed, and only pep-
tide matches with a score of 20 or above were accepted.
Proteins were identified against the B. pumilus entries
from the RefSeq protein database available at NCBI,
which was appended to an existing bacterial database.
The search results were also run against the amino acid
sequences retrieved from the Kerl and Ker2 genes.

Amino acid sequence alignment

The amino acid sequences of the retrieved enzymes from
the ultra-mass spectrometer analysis were compared to
other proteases produced by the B. pumilus strains using
the Basic Local Alignment Search Tool Blastp 2.2.3.1
available at NCBI.

Results

Keratinase gene sequence determination

The multiple sequence alignment followed by synthesis
of primers and Sanger sequencing resulted in an ORF of
a keratinase gene, named KerlI, which contains 1153 base
pairs. The gene was subsequently submitted to the NCBI
GenBank (Accession Number: KX184831).

De novo sequencing and genome annotation

The de novo sequencing of the whole genome indicated
that the organism is a B. pumilus and that it possesses
a genome of 3.6 million base pairs. The organism was
annotated to NCBI (Accession Number: CP011109.1)
using the prokaryotic annotation pipeline, and the result
indicated that this B. pumilus strain has around 4000
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genes. One of these genes is a homolog to Kerl and was
named Ker2. The gene was subsequently submitted to
NCBI GenBank (Accession Number: KX184832).

Partial purification of proteases from strain C,

for nano-HPLC-ESI-MS/MS

The crude protease fraction showed after SDS-PAGE and
staining with Coomassie brilliant blue R-250 one distinct
band and one weaker band with molecular weights of
about 28 and 36 kDa, respectively (Fig. 1).

Protein identification by nanoHPLC-ESI-MS/MS and data
base search

The Mascot Search Result using the B. pumilus entries
from the RefSeq protein data base and the amino
sequences retrieved from the Kerl and Ker2 genes can
be seen in Table 1. The band corresponding to 28 kDa
only contained keratinase 1, while the band correspond-
ing to 38 kDa contained keratinase 1 and keratinase 2.
These results indicated that the partial purified keratino-
lytic protease in fact consists of two enzymes, both with
a molecular weight of 38 kDa, and corresponding to the
identified genes Kerl and Ker2 of the B. pumilus strain

Sample 1

Sample 2

Fig. 1 The dialyzed proteolytic enzyme investigated on SDS-PAGE
using a 12 % gel. Two bands at 36 and 28 kDa, respectively, were
excised for protein identification
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Table 1 Protein identification by MASCOT Search on the purified enzyme from Bacillus strain C, using RefSeq protein
data base and the two amino acid sequences retrieved from Ker1 and Ker2

SDS-Page lane Identified protein Sequence identity

1and 2 Keratinase 1 WP_008348814.1

1 Keratinase 2

WP_017357922.1

1 Peptidase S8 gi|648268958

MW (kDa) MASCOT peptides identified MASCOT ion score?
QRLENTATPLGNSFYYGK 81
GVVVWAAAGNSGSTGSTSTVGYPAK 146
YDSTIAVANVNSNNVR 122
LENTATPLGNSFYYGK 102
GLINVQAASN 85
VGVVGVAPK 61
VADENGDGYYSWIIK 80
SGTSMASPHVAGAAAVILSK 107
HPNLTNDELR 53
HPNLTNDELRER 34
VGVVGVAPK 61
VADENGDGYYSWIIK 80
LGEPFYYGAGLVNVQK 106
SGTSMASPHVAGAAAVILSK 107

@ Individual ion scores >26 indicates identity or extensive homology at 95 % level of confidence

C,. When using the B. pumilus entries from the RefSeq
protein data the peptides from MS/MS identified Pepti-
dase S8. The result also showed a resemblance between
keratinase 2 and peptidase S8.

Figure 2 illustrates the peptides from Ms/Ms identi-
fied in keratinase 1, keratinase 2 as well as peptidase S8
and their distribution and coverage in the respective
enzymes. As can be seen keratinase 2 shares three pep-
tides with peptidase S8 but also has unique one while
keratinase 1 does not have any peptides in common with
the identified Peptidase S8.

Amino acid sequence alignment

By comparing the amino acid sequences of the two
retrieved keratinase enzymes with known proteases of
other B. pumilus strains the results indicated that these
enzymes are subtilisin-like serine proteases belonging to
the Protease S8 family (Tables 2, 3).

Discussion

The fast growth rate of the microorganisms, the accessi-
bility for genetic engineering and the short time for the
production and purification steps make them the ideal
source for production of proteases (Rao et al. 1998). The
far most popular source of commercial alkaline proteases
is from the Bacillus species. The main reason for this is
their ability to produce large amounts of alkaline pro-
teases having significant proteolytic activity and stabil-
ity at high pH as well as high temperature (Jacobs 1995;
Yang et al. 2000). So far, the vast majority of the identi-
fied keratinase producing organisms appear to be able to
hydrolyze only B-keratin in chicken feather and few are

known to hydrolyze both a- and B-keratin. (Gupta et al.
2013).

In this study two keratinases from the Bacillus sp C,
strain were identified. The project started by trying to
find a keratinase gene in the genome of the strain by
attaching primers designed for the Ker A gene of Bacil-
lus licheniformis PWD-1 identified by Lin and coworkers
(1995). After conventional PCR followed by agarose gel
electrophoresis we found many different gene products
due to unspecific binding of the primers but no gene
product comparable in size with a keratinase gen. Still
we decided to DNA sequence three fragments by the
Sanger method which resulted in three DNA sequences
with the lengths of 236—-396 base pairs. By using NCBI
blast network service (http://www.blast.ncbi.nlm.nih.
gov/Blast.cgi), we found that these gene sequences might
belong to the genome of a B. pumilus strain. With this
information at hand we aligned genes from twelve dif-
ferent B. pumilus strains (Table 4) using CLUSTAL W2
(http://www.ebi.ac.uk/Tools/msa/clustalw2/). The out-
come of the process indicated high resemblance between
many sequences, mostly in the beginning and the end of
the different aligned genes. One of the strains, B. pumi-
lus strain Al, produces a keratinase (Fakhfakh-Zouari
et al. 2010) which has comparable qualities with the
keratinolytic enzyme produced by Bacillus sp C, (Fellahi
2009). Both enzymes are active and stabile over a broad
pH range and also their activity is completely inhibited
by PMSF suggesting that they both are serine proteases.
The keratinase precursor gene from the B. pumilus
strain Al was for this reason chosen for primer design
of the first pair of sequencing primers for the keratinase
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101
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1
51
101
151
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251
301
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1
51
101
151
201
251
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351

Keratinase 1

MCVKKKNVMT
ATTNSSKKQOA
EDHKAEAYAQ
NVAGGASFEVP
VKVLDRYGDG
NNRGVVVVAA
GPELDVSAPG
TSQVRQRLEN

Keratinase 2

MKGRVGIVKV
SVQODKTQKQL
EDQKAKTSGO
HVTGGVSFEVP
VKVADENGDG
YDNGILIVAS
GEEVEVSAPG
NDELRERLTK

Peptidase S8

MASMLLASMT
KESIEKIDMM
IKAQKVHKRG
PHEHGTHVAG
IEWATENEMD
SLNTIDYPAK
HNEYGYKSGT
FYYGAGLVNV

SVLLAVPLLF
VTONGGKLEK
TVPYGIPQOIK
SEPNATQDFQ
QYSWIISGIE
AGNSGSTGST
TSILSTVPSS
TATPLGNSFY

KSFGAGLCMA
VEKAGGHVKE
SVPYGIKSIK
TESDPLVDPH
YYSWIIKGIE
AGNAGSYGSL
VSTLSTIPHN

FGASDVSAKD
KVSLNEASKE
YTGONVKVAV
TIAALDNKVG
VINISMGGAS
YSSVMAVASV
SMASPHVAGA
QKAAR

SAGFGGSIAN
QYRLINAAQV
APAVHAQGYK
SHGTHVAGTI
WAVANNMDVI
STVGYPAKYD
GYTSYTGTSM
YGKGLINVQA

SMLLASMTFEG
SIEKIDMMKV
AQKVHKRGYA
EHGTHVAGTI
WAIENEMDVI
NTIDYPAKYS
EYGYKSGTSM

QAKKEYMIGF
KLHQAKEVTF
LDSGIDGKHE
VVGVAPKAST
ESEALKEAVD
DQRKQRAFDS
AAVILSKHPN

AETASKSESE
KMSEQAAKKL
GANVKVAVLD
AALDNTIGVL
NMSLGGPNGS
STIAVANVNS
ASPHVAGAAA
ASN

ASDVSAKDQA
SLNEASKEKL
GONVKVAVLD
AALDNKVGVV
NISMGGASES
SVMAVASVDQ
ASPHVAGAAA

SSSVQDKTQOK
IEEDQKAKTS
DLHVTGGVSFE
YAVKVADENG
RAYDNGILIV
SVGEEVEVSA
LTNDEVRERL

KSYIVGEKAS
EHDPSIAYVE
TGIHAAHPDL
GVAPSASLYA
TALKNAVDTA
NNVRNSSSSA
LILSKYPNLS

KKEYMIGESS
HOAKEVTFIE
SGIDGKHEDL
GVAPKASIYA
EALKEAVDRA
RKQRAFDSSV
VILSKHPNLT

QLVEKAGGHV
GQOSVPYGIKS
VPTESDPLVD
DGYYSWIIKG
ASAGNAGSYG
PGVSTLSTIP
TKTATKLGEP

Fig. 2 The distribution of peptides from MS/MS in keratinase 1, keratinase 2 and peptidase S8. Matched peptides are shown in bold black

gene. After Sanger sequencing the complete ORF of the
keratinase gene (Kerl) was identified. To find resem-
blance with other genes from B. pumilus strains, nucleo-
tide BLAST was used. The gene showed a high similarity
to several serine protease genes from different B. pumi-
lus strains. As much as 99 % similarity was found with
the peptidase S8 gene of the B. pumilus strain W3, Gen-
Bank accession: CP011150.1 (Zheng-Bing et al. 2015).
This result confirmed that the isolated fragment of the
genome encodes one of the serine protease from the
Bacillus sp. C, strain. By de novo sequencing and anno-
tation of the genome, we could identify a homolog to the
peptidase S8 gene, the Ker2 gene with equal amount of
base pairs as Kerl. The two genes had a gene sequence
similarity of 67 %.

The crude protease showed after partial purification
followed by SDS-PAGE-gel and staining with Coomas-
sie brilliant blue R-250 one distinct band and one weaker
band. Their molecular weights were estimated to about
28 and 36 kDa, respectively, when comparing with the

molecular weight marker. When the bands on the gel
were analyzed by a nanoHPLC-ESI-MS/MS system the
result indicated two proteins with a molecular weight of
38. 8 and 38.3 kDa, respectively (Table 1). The molecu-
lar size difference between the excised gel bands and the
molecular size of the identified enzymes may be due to
a degradation prior to the SDS-PAGE. When the pro-
teins were identified by Mascot Search the result indi-
cated that the two proteins in fact are corresponding
to the two genes Kerl and Ker2. That the crude enzyme
in fact contains two different keratinases is in agree-
ment with earlier conclusions (Yamamura et al. 2002).
Yamamura and his group found that for the bacterium
Stenotrophomonas sp D-1 it was not sufficient with one
protease for effective keratin degradation but two differ-
ent keratinases were needed. This suggests that degrada-
tion requires the cooperative action of multiple enzymes.
We are well aware that Bacillus sp C, may need more
than two keratinases for optimal degradation although
we have not found any additional.
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Table 2 Amino acid sequence alignment of keratinase 1 with proteases of Bacillus strains using Blastp 2.2.3.1

Description Organism Amino acid sequence identity (%) Accession number
Alkaline serine proteinase B. pumilus 100 ACO94164.1
Lehensis serine protease B. lehensis 100 AFP23380.1
Alkaline serine protease B. pumilus 99 BAE79641.1
Dehairing protease precursor B. pumilus 99 AAR19220.1
Peptidase S8 B. pumilus 29 WP_026050071.1
Alkaline serin proteinase B. pumilus 99 BAA93474.1
Protease B. pumilus 99 ADK63096.1
Peptidase S8 MULTISPECIES: Bacillus 99 WP_008348814.1
Serine alkaline protease (subtilisin) B. stratosphericus LAMA585 99 EMI14709.1
Subtilisin Carlsberg Bacillus pumilus ATCC 7061 99 EDW22774.1
Peptidase S8 B. pumilus 99 WP_034620013.1
Peptidase S8 B. pumilus 99 WP_041093123.1
Peptidase S8 B. stratosphericus 99 WP_039962807.1
Peptidase S8 B. invictae 99 WP_045034875.1
Peptidase S8 B. pumilus 99 WP_044140726.1
Peptidase S8 B. aerophilus 99 WP_041507592.1
Peptidase S8 B. altudinis 99 WP_039167642.1
Peptidase S8 B. pumilus 98 WP_012009474.1
Serine alkaline protease B. circulans 98 ADN04910.1
Serine alkaline protease (subtilisin E) B. pumilus 98 KIL22204.1
Serine alkaline protease, preproprotein B. pumilus 98 CA003040.1
Peptidase S8 B. sp.DW5-4 98 WP_034323660.1
Peptidase S8 B. pumilus 98 WP_041117216.1
Peptidase S8 B. safensis 98 WP_034282323.1
Peptidase S8 B. pumilus 98 WP_034663897.1
Serine alkaline protease (subtilisin E) B. pumilus 97 KIL10386.1
Peptidase S8 B. pumilus 97 WP_041110188.1
Peptidase S8 B. sp.WP8 96 WP_039183048.1
Keratinase precursor B. pumilus 96 ACM47735.1
Serine alkaline protease (subtilisin E) Bacillus sp. HYC-10 96 KIL09959.1
Peptidase S8 B. xiamenensis 96 WP_008359041.1
Organic solvent tolerant protease B. pumilus 96 AAUBB064.1
Keratinase B. pumilus 96 ADK11996.1
Peptidase S8 B. safensis 96 WP_029706931.1
Peptidase S8 B. pumilus 96 WP_041089929.1
Peptidase S8 B. safensis 96 WP_044335827.1
MULTISPECIES: peptidase S8 Bacillus 96 WP_025093353.1
Peptidase S8 B. pumilus 95 WP_024426548.1
Serine alkaline keratinase Brevibacillus brevis 95 AGO58466.1
Alkaline serine protease precursor B. pumilus 95 ACMO7731.1
Serine alkaline keratinase B. circulans 94 AGN91700.1

When comparing the amino acid sequences of the two
retrieved keratinases with known proteases of other B.
pumilus strains using Blastp we found that keratinase 1 and
2 are subtilisin-like serine proteases belonging to the Pro-
tease S8 family (Tables 2, 3). These proteases show broad
substrate specificity, have usually a molecular mass in the

range 18-90 kDa. They are generally active at neutral and
alkaline pH, with optima at pH 7-11 (Rao et al. 1998) and
irreversibly inhibited by PMSF (Powers et al. 2002). This is
in agreement with our earlier findings (Fellahi 2009).

As a conclusion, the present study confirmed that the
keratinolytic protease produced by the non-genetically
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Table 3 Amino acid sequence alignment of keratinase 2 with proteases of Bacillus strains using Blastp 2.2.3.1

Description Organism Amino acid sequence identity (%) Accession number
Serine alkaline protease (subtilisin E) B. stratosphericus LAMA 585 100 EMI12150.1
Peptidase S8 MULTISPECIES: Bacillus 100 WP_035390997.1
Subtilisin Carlsberg B sp. M 2-6 29 EIL84986.1
Peptidase S8 MULTISPECIES: Bacillus 99 WP_034647494.1
Peptidase S8 B. pumilus 99 WP_029575389.1
Subtilisin Carlsberg B. pumilus 99 KIL26870.1
Peptidase S8 B. altitudinis 99 WP_035702958.1
Peptidase S8 B. pumilus 99 WP_026050107.1
Pubtilisin B. altitudinis 41KF2b 99 KDE30915.1
Peptidase S8 B.sp. DW5-4 95 WP_034319985.1
Peptidase S8 B. pumilus 95 WP_044141213.1
Peptidase S8 B. pumilus 94 WP_034620505.1
Peptidase S8 B. pumilus 94 WP_034661158.1
Subtilisin Carlsberg B. pumilus 94 KIL17080.1
Subtilisin Carlsberg B. pumilus ATCC7061 94 EDW21217.1
Peptidase S8 B. pumilus 93 KDE52880.1
Peptidase S8 B. safensis 93 WP_034622393.1
Peptidase S8 MULTISPECIES: Bacillus 93 WP_029708034.1
Peptidase S8 B. pumilus 93 WP_041117873.1
Peptidase S8 B. safensis 93 KEP30825.1
Peptidase S8 B. safensis 93 WP_029706051.1
Peptidase S8 B. pumilus 93 WP_041109684.1
Pubtilisin Carlsberg B. pumilus 93 KIL21504.1
Pubtilisin Carlsberg B. pumilus 92 KIL11523.1
Peptidase S8 B.sp. HYC-10 92 WP_008361817.1
Peptidase S8 B. safensis 92 WP_034280781.1
Peptidase S8 B.sp. WP8 92 WP_039183179.1
Subtilisin B. safensis FO-36b 92 KDE29455.1
Peptidase S8 B. safensis 91 WP_046312283.1
Peptidase S8 B.pumilus 91 WP_041086842.1
Subtilisin Carlsberg B. pumilus 90 KIL15277.1

Table 4 Bacillus pumilus strains used for gene alignment in CLUSTAL W2

B. pumilus strain Gl number and accession version Gene

NJM4 gi|226938414|gb|F)869878.1| Alkaline serine proteinase

N/A 0i|38373993|gb|AY458140.1] Dehairing protease precursor
N/A qi|7415641|dbj|AB029082.1| Alkaline serine proteinase

SG2 gi|301131525|gb|GQ398415.1] Protease gene

SGMM8 gi|290472378|gb|GU143024.1| Protease (Alp) gene

bppA gi|87886606|dbj|AB211527.1] Alkaline serine

Al 9i|222353759|gb|FJ619651.1| Keratinase precursor

115b gi|52843271|gb|AY743586.1 Organic solvent protease gene
KS12 9i|300429855|gb|HM219183.1] Keratinase gene

TMS55 gi|221193393|gb|F)584420.1| Alkaline serine protease precursor
3-19 qi|297342830|gb|AY754946.2] Subtilisin like serine

sapB gi|186928863|emb|AM748727.1| Serine alkaline protease preprotein
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modified B. pumilus strain C, consists of two different
enzymes belonging to the Protease S8 family. This may
explain why the strain is able to simultaneously hydrolyze
both a- and B-keratin in less than three days. It also makes
the bacterium a potent candidate in a cost effective pre-
treatment step of keratinase rich waste in waste refinery
as the two waste fractions, avian feather and sheep wool,
do not have to be separated before hydrolyzation of the
protein into valuable feedstuff for the biogas production.
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