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Abstract 

Enzymes are natural biocatalysts that have wide applications in different domains, such as food 

and beverages (Nevskaya et al., 2021), animal nutrition (Vashishth et al., 2017), therapeutic 

(Kaur et al., 2021), bioethanol production (Makolomakwa et al., 2017), and many more. There 

is a huge demand for enzymes in almost all aspects of life. One such enzyme is phytase.  

Phytase, which is myoinositol hexakisphosphate phosphohydrolases, is the enzyme that 

hydrolyzes phytate (substrate) to release lower myoinositol, micronutrients, and inorganic 

phosphorous (Vashishth et al., 2017) (Tran et al., 2010). Phytate exhibits anti-nutritional 

activity and has the potential to cause environmental issues (Vashishth et al., 2017) (Menezes-

Blackburn et al., 2013) (Kaur et al., 2021). Phytases are known to eliminate the negative effects 

of phytate. Hence, phytase has wide applications in the feed and food industry, aquaculture, 

myo-inositol phosphate production, bioethanol production, and the soil amendment process 

(Kaur et al., 2021).  

The industrial and soil amendment applications of phytases demand highly stable phytases 

(Jaiwal et al., 2019) (Brinch-Pedersen et al., 2014) (Industrial Enzymes Market - Global 

Forecast by 2022, 2017) (Cang et al., 2004). Commercial phytase application is also limited 

due to patent protection and expensive downstream processing (Kaur et al., 2021). Hence, there 

is a continuous demand to search for novel stable phytases with catalytic activity to hydrolyze 

phytate. 

The present study focused on the bioprospecting of novel phytases via different methods and 

engineering them to improve their characteristics via a protein engineering approach.  

Three different bioprospecting methods i.e., conventional, metagenomics, and in-silico were 

employed to isolate and screen novel phytase producers from culturable, non-culturable, and 

database sources, respectively. In the conventional bioprospecting approach, we used different 

soil samples and isolated potential phytase producers based on a plate and mini-scale phytase 

activity assay. These potential phytase producers were identified based on the partial 16S rRNA 

gene amplification and sequencing. Out of the six isolates, Klebsiella variicola PSD soil 

isolate’s phytase gene was further confirmed by its gene amplification and sequencing, and it 

belongs to the Histidine Acid Phytase. The metagenomics approach involved the isolation of 

total soil DNA from pig stag soil, followed by 16S rRNA gene metagenomics and analysis by 
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using QIIME2 platform. The results highlighted the Xanthomonadaceae family as a potential 

phytase producer. In-silico bioprospecting approach involved exploring the databases, 

followed by removing redundancy and phylogenetic analysis. A total of 67 different candidates 

including Pantoea vagans (PV) and Edwardsiella tarda (ET) were identified as potential 

phytase producers. Hence, the combination of different bioprospecting methods resulted in the 

identification of a more diverse set of novel phytases.  

Two potential phytases, P.vagans phytase (PVP) and E.tarda phytase (ETP) from a 

bioprospecting study were then subjected to in-silico characterization to understand features 

computationally and were further validated experimentally. In-silico characterization involved 

primary sequence analysis, secondary structure, and tertiary structure analysis, followed by 

molecular dynamics simulation at different temperatures to study protein dynamics, and 

stability, and identify thermo-liable regions. The analyses indicated that PVP was a better 

candidate as compared to ETP. To further check this, experimental validation of PVP and ETP 

was conducted, which included cloning and over-expression studies, followed by enzyme 

purification and biochemical characterization. The PVP was purified and characterized 

biochemically; however, the ETP was not stable in overexpression and failed to over-express 

even after multiple attempts with varying parameters. The optimum temperature and pH of 

PVP were found to be 40˚C and pH 4, respectively. Both in-silico characterization and 

experimental validation indicated that PVP exhibited greater stability than ETP; hence, it was 

selected for further optimization using rational engineering techniques. 

A rational engineering approach was undertaken with the PVP candidate, which included in-

silico hotspot detection, followed by experimental validation. This analysis helped to identify 

thermos-liable residues/regions and listed mutations that were predicted to be stable compared 

to their wild type. A few mutants (M1 and M2) were experimentally validated by comparing 

them with wild type (WT). The experimental validation included cloning, over-expression, 

purification, and biochemical and biophysical characterization. Out of the two, M1 was found 

to be unstable and failed to over-express in the host system, whereas M2 was overexpressed 

successfully and was further characterized and compared to WT. The optimum pH of WT and 

M2 was found to be the same at pH 4. However, the optimum temperature of M2 was increased 

by 5 degrees as compared to WT. The CD data also suggested the proper folding of both WT 

and M2. The Isothermal Titration Calorimetry (ITC) data revealed that the binding affinity was 
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not affected significantly. The Differential Scanning Fluorimetry (DSF) data revealed that the 

M2 was more stable than WT. So, the in-silico identification of hotspots followed by 

experimental validation resulted in a phytase with improved stability.  

To summarize, the overall study involved different bioprospecting approaches to obtain novel 

potential phytases from different natural sources and biological databases. Around 67 

candidates were identified, out of which, two of them were further studied using in-silico 

characterization and experimental validation. It also helped in shortlisting potential phytase 

candidates for rational engineering. The rational engineering of potential phytase candidates 

was performed first by in-silico identification of hotspots (prediction of stability by using 

various tools/software/servers) followed by experimental validation. The study has obtained 

novel thermostable phytase enzyme candidates that have wide applications in the soil 

amendment process, feed and food industry, aquaculture, myo-inositol phosphate production, 

and bioethanol production. 
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Introduction 

Enzymes, as natural catalysts accelerating chemical reactions, find application across a 

multitude of industries (Sanchez & Demain, 2011), including food and beverages (Marco 

Alexander Fraatz, 2014), animal nutrition (Ojha et al., 2018), cosmetics (Singhania et al., 

2015), pharmaceuticals (Basso & Serban, 2019), and many more. Enzymes exhibiting 

improved expression, activity, substrate specificity, and functional stability are particularly 

suitable for various industrial applications (Wang et al., 2008) (Singhania et al., 2015). One 

such enzyme is phytase which hydrolyzes phytate (Vashishth et al., 2017).  

1.1 Phytate chemical structure: 

Phytate, also known as myo-inositol-hexakis-dihydrogenphosphate (C6H18O24P6), was 

identified by Hartig between 1855 and 1856. Phytate refers to a poly-anionic, and 

hexaphosphoric ester of the hexahydric cyclic alcohol meso-inositol molecule known as IP6 

(Figure 1. 1) (Balwani et al., 2017) (Song, El Sheikha and Hu, 2019) (Gocheva et al., 2023). 

Phytic acid holds 12 replaceable protons and features 6 reactive sites, contributing to its strong 

acidity. Phytic acid carries a substantial negative charge at a wide range of pH (Gocheva et al., 

2023) (Outchkourov & Petkov, 2019).  

 

Figure 1. 1 Phytate structure: Bernard Agranoff introduced the turtle-based rule for numbering 

phytate, where the 2-phosphate axial points upward. Following the D configuration, the carbon 

atoms are numbered counterclockwise around the ring, as advised by the Nomenclature 

Committee of the International Union of Biochemistry (Adopted from (Outchkourov & Petkov, 

2019)).  
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1.2  Problems related to phytate: 

Phytate represents around 60-70% of the stored phosphorus in germinating cereals, legumes, 

nuts, and oilseeds (Song, El Sheikha and Hu, 2019). It accounts for 80% of the total organic 

phosphate pool in soil (Menezes-Blackburn et al. 2013).  Around 60-80% of the overall 

phosphorus-bound phytate is contained within formulated diets for poultry and swine 

(Outchkourov & Petkov, 2019). It is indigestible in monogastric animals due to the absence of 

phytase enzymes. This indigested phytate and excess phosphate supplementation in feed can 

cause environmental pollution through manure (Outchkourov & Petkov, 2019) (Vashishth et 

al., 2017). It forms complexes in the soil and binds to metal ions which play a vital role in soil 

fertility and plant growth (Moushree Pal Roy, Subhabrata Datta, 2017) (Outchkourov and 

Petkov, 2019). It binds with divalent and trivalent cations, like calcium, iron, zinc, and 

magnesium, as well as trace minerals such as manganese, copper, and molybdenum, reducing 

their accessibility. This significantly lowers the nutritional quality of the diet (Outchkourov & 

Petkov, 2019) (Gocheva et al., 2023). To compensate for this, inorganic phosphate and crucial 

ions like calcium and iron need to be added to feed and food formulations to support animal 

growth (Lei, 2010) (Goutami Banerjee, Khin Oo, XIyun Zhang, Jie Yang, 2017). It creates 

complexes with minerals, forming mineral-phytate complexes that remain unabsorbed in the 

gut and are consequently excreted without being utilized (Outchkourov & Petkov, 2019) 

(Gujar, 2014). It interacts electrostatically with proteins, leading to the alteration of protein 

structure, and reduced solubility, activity, and digestibility. This interaction limits access to 

proteases, resulting in inefficient protein digestion (Vashishth et al., 2017). It binds to enzymes, 

reduces their activity, and decreases their availability. It also binds to starch and forms starch 

complexes. It forms lipo-phytic by binding to lipids (Gujar, 2014). The insoluble and 

indigestible nature of phytate complexes with proteins, amino acids, cations, and minerals 

makes them challenging for human absorption. This might contribute to malnutrition in Asian 

nations since 75% of their total calorie consumption comes from cereals (rich in starch and 

phytate) (Song, El Sheikha and Hu, 2019).  

Phytate degradation is important because it can reduce the feed cost which accounts for 60-

70% of the cost of livestock farming by reducing the supplementation of inorganic phosphorous 

as phytate is a rich source of inorganic phosphate (Industrial Enzymes Market - Global 

Forecast by 2022, 2017). Degradation of phytate can also increase the bioavailability of 

micronutrients in the feed and increase its nutritional value for better growth performance in 

the poultry industry. Besides the feed industry, phytate degradation is important for increasing 
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soil fertility, the growth of plants, and enhancing bioethanol production (K. Bhavsar & Khire, 

2014) (Makolomakwa et al., 2017) (K. P. Bhavsar, 2012). 

1.3 Phytase: 

Phytase uses the phytate complex as its substrate and catalyzes the breakdown of O-P bonds 

within phytate, resulting in the release of products like inositol, intermediate derivatives of 

inositol, along with phosphate and other micronutrients (Figure 1. 2) (Vashishth et al., 2017) 

(Tran et al., 2010) (Gocheva et al., 2023). Suzuki et al. documented the presence of phytase 

activity in rice bran in 1907 (Outchkourov & Petkov, 2019). It reduces the phytate content from 

plant-based food without reducing the amount of minerals (Gocheva et al., 2023) 

 

Figure 1. 2 Phytase mechanism of action: Phytase hydrolyzes phytate and releases inositol, 

divalent metal ions, and phosphate. 

1.4 Application of phytase: 

Phytase, alongside enzymes such as xylanase, β-glucanase, cellulase, mannase, and α-

galactosidase, constitutes a significant portion of the worldwide feed enzyme market 

(Outchkourov & Petkov, 2019).  Phytases have wide applications in the feed and food industry 

e.g., the addition of phytase in chickpea flour can lead to enhancement of mineral mobilization 

such as 20-28% of Zn2+, 26-37% of Fe2+, and 24-42% Ca2+ leading to 75-88% reduction in 

phytate content (Song et al., 2018). It is also used in bread making process (Gocheva et al., 

2023). Phytases are also applied aquaculture industry as well as to produce bioethanol and 

lower myoinositol phosphates and play a role in soil amendment (K. Bhavsar & Khire, 2014) 

(Makolomakwa et al., 2017) (K. P. Bhavsar, 2012).  
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1.5 Classification of phytase: 

Phytases are classified based on stereospecificity of phytate hydrolysis (3/1 or 4/6), sources of 

isolation, optimum pH (acidic/alkaline), and catalytic mechanisms: histidine acid phytases (EC 

3.1.3.2), ß-propeller (EC 3.1.3.8), cysteine phosphatases and purple acid phosphatases (EC 

3.1.3.2) (Balwani et al., 2017) (Menezes-Blackburn et al., 2013) (Gocheva et al., 2023) ( 

Figure 1. 3). Phytases are mainly isolated from plant and microbial sources (Kumar and Sinha, 

2018). 

 

Figure 1. 3 Classification of phytases based on stereospecificity, sources, catalytic 

mechanisms, and pH. 

1.5.1 Based on the stereospecificity of phytate hydrolysis:  

Phytate (IP6) comprises a myoinositol core with six dihydrogen phosphate groups. Phytase 

enzymes facilitate the dephosphorylation of phytate in a systematic process of site-specific 

removal of phosphate groups (Figure 1. 4). As per the classification by the International Union 

of Pure and Applied Chemistry and the International Union of Biochemistry (IUPAC-IUB), 

phytases are categorized according to their dephosphorylation activities into three types: 3-

phytases (EC 3.1.3.8, myoinositol-hexakisphosphate 3-phosphohydrolase), 4/6-phytases (EC 
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3.1.3.26, myoinositol-hexakisphosphate 4-phosphohydrolase), and 5-phytases (EC 3.1.3.72, 

myoinositol-hexakisphosphate 5-phosphohydrolase) (Outchkourov & Petkov, 2019) (Gocheva 

et al., 2023). 

 

Figure 1. 4 Different phytases dephosphorylate phytate in a systematic process of site-specific 

removal of phosphate groups (Adopted from (Outchkourov & Petkov, 2019)). 

➢ 3-phytase (Myo-inositol hexakisphosphate 3-phosphohydrolase): This category of 

phytase triggers the dephosphorylation of phytate at the third position and is derived 

from microbial sources like Klebsiella sp. ASR-1. 3-phytases excel over 6-phytases due 

to the dephosphorylation of phytate, resulting in IP-1 with 3-phytase and IP4 along with 

other lower esters with 6-phytase. Hence, there is a complete degradation of phytate   

(Balwani et al., 2017) (Gocheva et al., 2023). 
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➢ 6-phytase (Myo-inositol hexakisphosphate 6-phosphohydrolase): 6-phytases instigate 

the dephosphorylation of phytate at the sixth position and are obtained from 

microorganisms, like the E.coli (Balwani et al., 2017) (Gocheva et al., 2023). 

➢ 5-phytase (Myo-inositol hexakisphosphate 5-phosphohydrolase): This variant of 

phytase starts the dephosphorylation of phytate at the fifth position and is primarily 

extracted from plant sources found in Medicago sativa (Balwani et al., 2017) (Gocheva 

et al., 2023). 

1.5.2 Based on sources:  

Phytase, also recognized as myo-inositol-hexakisphosphate-phosphohydrolase, is found in 

plants, and various microbial sources. Both endogenous and exogenous forms of phytases exist, 

yet microbial exogenous phytases are extensively utilized commercially due to their superior 

pH and thermal stability, along with higher specific activity (Song et al., 2018). Microbial-

derived exogenous phytases allow for the total breakdown of phytate, whereas endogenous 

phytases typically reduce phytate content by 73-80% (Song, El Sheikha and Hu, 2019).  

➢ Plant sources: Phytases predominantly found in plants belong mainly to the 6-phytase 

category. Varieties like wheat, barley, and rye have demonstrated higher activity levels 

in comparison to maize, millet, and sorghum. Additionally, phytases have been 

identified and characterized in various plants like rice, rapeseed, and potato, among 

others. The utilization of plant-derived phytases is constrained by the absence of a cost-

efficient and effective production method. The genetically modified rice seeds were 

engineered to contain a heat-resistant phytase derived from the yeast Aspergillus 

fumigatus, aiming to enhance the availability of iron for human consumption. (Balwani 

et al., 2017) (Gocheva et al., 2023). 

➢ Microbial phytase: Microbial phytases, are derived from bacteria like E.coli, 

Citrobacter, Enterobacter, and many more, yeasts such as Schwanniomyces castellii, 

Hansenula polymorph, and many more, and various fungal species like Aspergillus 

species are explored to estimate pH, retain their activity between pH 3 and 8, and exhibit 

resistance to heat. Microbial phytases are favored over plant-derived ones due to their 

superior activity across a broad pH range and increased thermal stability (Balwani et 

al., 2017) (Gocheva et al., 2023). 
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1.5.3 Based on catalytic mechanisms:  

Based on the catalytic mechanisms phytases are classified as histidine acid phytases, ß-

propeller, cysteine phosphatases, and purple acid phosphatases.  

➢ Histidine acid phytases (HAPhy) (EC 3.1.3.2) 

HAPhy, prevalent in animals, plants, and microorganisms, shares common characteristics in 

commercial phytases derived from microbes. It showcases a sizable α/β-domain along with a 

compact α-domain. Its structure features an initial RHGXRXP sequence at the N-terminus and 

a concluding HD motif at the C-terminus. Its mechanism involves the creation of a covalent 

phospho-histidine intermediate, where histidine from the RHGXRXP motif initiates a 

nucleophilic attack on the phosphorus. In the subsequent phase, the aspartic acid within the HD 

motif functions as a proton donor to the oxygen atom in the phosphomonoester bond 

(Outchkourov & Petkov, 2019) (Gocheva et al., 2023). 

➢ ß-propeller phytase (BPP) (EC 3.1.3.8) 

BPP, primarily found in Bacillus subtilis and Bacillus amyloliquefaciens, features a propeller 

structure comprised of six blades. It displays an optimal pH at the basic level and demonstrates 

higher resistance to changes in temperature. Its substrate preference leans towards the calcium–

phytate complex. In the crystal structure of BPP, the active site tightly binds two phosphates 

and four calcium ions. The breakdown of phytate by BPP generates two distinct myoinositol 

trisphosphates: Ins(2,4,6)P3 and Ins(1,3,5)P3. To enhance the efficacy of phytases in poultry, 

HAPhy from E. coli can be paired with BPP from Bacillus. Despite its capabilities, BPP 

showcases lower specific activity compared to HAPhy and is currently not utilized at a 

commercial scale (Outchkourov & Petkov, 2019) (Gocheva et al., 2023). 

➢ Cysteine phytase (CPhy): 

CPhy originates mainly from Selenomonas ruminantium, an anaerobic bacterium found in the 

rumen. Structurally, this phytase comprises a large and a small domain. The active site is 

situated along the border of the large domain, forming a shallow pocket to bind the substrate. 

The structural support for the active site domain comes from the P-loop and the WPD loop. 

Within the P-loop, there is a conserved motif, HCXXGXXR(T/S). CPhy's catalytic capability 

involves cleaving the 5-phosphate position of phytate, generating products such as IP2 and 

several variations of inositol phosphates: IP (1,2,3,4,6), IP (1,2,3,6), IP (1,2,3), and IP (1,2) 

(Outchkourov & Petkov, 2019) (Gocheva et al., 2023). 
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➢ Purple acid phytases (PAPhy) (EC 3.1.3.2): 

PAPhy, a homolog of purple acid phosphatases, belongs to the group of metalloenzymes 

characterized by a di-nuclear catalytic center of Fe3+, Zn2+, Mg2+, or Mn2+. It's predominantly 

present in soybean seedlings and various other plant species. However, its phytase activity is 

relatively low (Outchkourov & Petkov, 2019) (Gocheva et al., 2023). 

1.5.4 Based on pH:  

➢ Acidic phytase: Acid phytases catalyze the breakdown of phytate, resulting in the 

production of IP2 as the final product. These phytases display a preference for 

degrading equatorial phosphate groups rather than axial ones. They are active in a pH 

range of 2-6 (Outchkourov & Petkov, 2019) (Gocheva et al., 2023): 

➢ Neutral phytases: It is isolated from thermotolerant A. flavus and B. subtilis subsp. 

subtilis JJBS250, and Bacillus nealsonii ZJ0702. It is isolated from a few micro-

organisms. It is active at pH 7-8 (Outchkourov & Petkov, 2019) (Gocheva et al., 2023): 

➢ Alkaline phytases: Alkaline phytases, primarily sourced from Bacillus, target the 

removal of phosphate groups specifically from the C-2 position. These are found in 

plants such as Typha latifolia and Lilium longixorum and micro-organisms such as 

Bacillus amyloliquefaciens, and B. laevolacticus (Outchkourov & Petkov, 2019) 

(Gocheva et al., 2023): 

1.6 Commercial phytases: 

Commercial phytase development began in 1962 through the efforts of International Minerals 

& Chemicals (IMC), where they extracted the phytase from A.niger NRRL 3135. Mullaney et 

al. on the other hand, reported the cloning of the PhyA gene and its overexpression, conducted 

by a team from TNO in Rijswijk, The Netherlands. Subsequently, the first commercial phytase, 

Natuphos, emerged from the collaboration between Gist-Brocades in The Netherlands (now 

DSM) and BASF in Germany, marking the inception of the first generation of phytases. The 

inception of the second generation of phytases traces back to the efforts of Dassa and 

colleagues, who focused on the E.coli appA phytase. Their work involved the cloning of the 

appA gene in 1990. Subsequently, Greiner et al. conducted a biochemical characterization of 

the E.coli appA phytase, determining it to be a 6-phytase. In 1999, research on the appA gene 

revealed its overproduction in the Pichia pastoris yeast system, proving its predominant 

phytase activity over acid phosphatase. The second generation of phytases was developed by 

Rodriguez et al. at Cornell University. The OptiPhos phytase was initially commercialized by 
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JBS United in the United States and later acquired by Huvepharma, expanding its distribution 

across Europe and globally. This increase in demand for inorganic phosphorus led to a surge 

in phytase demand, prompting the marketing of several phytases: Phyzyme XP (Danisco), 

Finase EC (AB Vista), Quantum, and Quantum Blue (AB Vista). Additionally, the Citrobacter 

6-phytase, overexpressed in A.niger, entered the market as RONOZYME HiPhos 

(DSM/Novozymes). Moreover, the Peniophora lycii 6-phytase was introduced under the 

names Ronozyme P and Ronozyme NP by DSM/Novozymes (Outchkourov & Petkov, 2019). 

The details of commercial phytases are listed below in Table 1. 1.  

Table 1. 1 List of commercial phytases from microbial sources:   

Commercial name of phytase Company Source of phytase 

NatuphosTM BASF 
Aspergillus niger NRRL 

3135 

Ronozyme P Novozymes/ DSM alliance Peniophora lycii 

Optiphos Huvepharma E.coli 

PhyzymeXP Danisco, Brabrand E.coli 

Allyzyme Alltech A.niger 

NatuPhos E BASF 
Hybrid phytase: three 

bacterial sources 

Ronozyme NP Novozymes/ DSM alliance Modified Peniophora lycii 

Ronozyme HiPhos Novozymes/DSM alliance Citrobacter braakii 

Finase EC AB Vista Escherichia coli appA 

Quantum AB Vista 
Modified Escherichia coli 

appA 

Quantum Blue AB Vista 
Modified Escherichia coli 

appA 

Axtra Phy Danisco Buttiauxella spp 
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1.7 Finding novel enzymes: 

Researchers have adopted different methods to explore novel enzymes to meet industrial 

demands. These methods included the use of natural sources (conventional), existing databases 

(in-silico bioprospecting), and metagenomics methods. In general, the conventional method 

involves searching for new enzymes in natural sources (Castillo Villamizar et al., 2019), while 

the computational method utilizes existing databases to identify enzymes (Tan et al., 2016). 

These novel enzymes are further subjected to protein engineering approaches (directed 

evolution/ rational/ semi-rational approach) to enhance their properties (Zhang et al., 2019) (K. 

Kumar et al., 2015) (Sadeghian et al., 2020) (Soh et al., 2017) (Chen et al., 2015).  

A few studies that adopted conventional methods to explore novel enzymes are highlighted 

here: Kumar et.al. isolated phytase producers from environmental samples i.e., Himalayan 

soils, and identified them as Acromobacter sp. PB-01, Tetra- thiobacter sp. PB-03 and Bacillus 

sp. PB-13. They helped in the growth and phosphorous uptake of Brassica juncea (Kumar et 

al., 2013). Puppala et.al. characterized a novel acidic and thermostable phytase isolated from 

Streptomyces sp. (NCIM 5533) from Sanjivani islands Maharashtra, India. It also acts as a plant 

growth-promoting bacteria which was evident as it supports the growth of Solanum 

lycopersicum (Puppala et al., 2019). Amritha and Venkateswaran reported a phytase from 

Lactobacillus plantarum MTCC 1325 that can degrade phytate from sorghum. It also tolerates 

acid, and bile and retains activity after exposure to a simulated gastrointestinal fluid 

environment (Amritha and Venkateswaran, 2017). Similarly, enzymes such as novel 

fibrinolytic enzyme was isolated from Bacillus atrophaeus V4 (Varol et al., 2023), and many 

more were isolated from different natural sources. In general, the conventional bioprospecting 

approach favors the cultivation of microbes that can be grown in the laboratory.  

Soil comprises soil biomass, minerals with diverse sizes, shapes, and chemical characteristics, 

and organic matter. The largest part of the soil mass is made up of prokaryotes. However, the 

prokaryotic cells in the soil mass vary between samples; for example, one gram of forest soil 

contains around 4 x 107 prokaryotic cells, while one gram of cultivated soil and grasslands 

contains about 2 x 109 prokaryotic cells. There are two approaches to investigating this 

extensive microbial diversity in soil: cultivation-dependent methods and cultivation-

independent methods. Cultivation-based methods can only explore a fraction of the total 

microbial population, estimated at 0.1-1% in soil. To address this limitation, cultivation-

independent methods like metagenomics have been developed (Daniel, 2005). In the soil 
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metagenomics process, the initial phase involves extracting total genomic DNA from the soil, 

followed by amplification of the 16S rRNA gene to investigate the range of microbial 

communities present  (A. Kamble et al., 2020). These microbial communities can be explored 

in search of new enzymes like phytases. For instance, Tan et al. discovered novel phytase genes 

in agricultural soil using a metagenomics-based approach (Tan et al., 2014). 

To successfully employ the metagenomics approach, it is crucial to have well-optimized 

protocols at every step, starting from the isolation of total DNA to library construction. These 

optimized protocols enable the screening of positive clones that possess the desired property 

(A. Kamble et al., 2019) (A. D. Kamble & Singh, 2021). In-silico bioprospecting method 

helped to overcome the limitations of conventional and metagenomics approaches. 

In-silico bioprospecting approach: Database exploration is another means to uncover new 

enzymes. For instance, Tan et al. delved into the IMG/M database and identified 11 potential 

HAP phytase genes from 18 publicly accessible fungus garden metagenomes. Among these, 

the rPhyXT52 phytase displayed the highest activity (Tan et al., 2016b). In a separate 

investigation, Tan et al. utilized metagenomic information from an acidic peat-soil microbiome 

located in northeastern Bavaria, Germany. They employed Pfam00328 (Pfam identifier) to 

search for new phytases (Tan et al., 2016a). Similarly, novel enzymes such as nitrilases, 

aldehyde-deformylating oxygenase, and hypothetical proteins were explored through an in-

silico bioprospecting approach (A. Kamble et al., 2019) 

1.8 In-silico characterization of novel enzymes: 

To get insight into the structure of enzymes, some researchers utilize computational tools, e.g., 

Pramanik et.al. uses computational tools to characterize Enterobacter phytases which were 

predicted to be thermostable based on its aliphatic indices of below 40, acidic in nature as the 

isoelectric point was below 7, interaction with water based on lower values of GRAVY, the 

highest content of alpha-helical compared to other forms, function as histidine acid 

phosphatases and has conserved residues ‘DG–DP–LG’ (Pramanik et al., 2018). Similarly, 

V.Kumar et.al. characterized Histidine acid phytase sequences using computational tools and 

also revealed the motifs that are found in obtained clusters i.e. clusters 1 (PhyA) and 2 (PhyB) 

has Motif 1 “SPFCDLFTHEEWIQYDYLQSLGKYYGYGAGNPLGPAQGIGF” and Cluster 

3 (AppA) contains motif 9 “KKGCPQSGQVAIIADVDERTRKTGEAFAAGLAPDCAITV- 

HTQADTSSPDP”. This information can help to study the evolution of HAP phytase and the 

engineering of phytases to improve their features based on clustering (Kumar et al., 2012). 
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Similarly, 40 reference Protein tyrosine phosphatase-like cysteine phytases (CPhy) sequences 

were computationally explored and In-silico characterization revealed conserved regions, 

phylogenetic relationship, physio-chemical features, functional aspects as well common motif 

‘TDHKWPTDEMVDYFVQFVKSMPKDTWLHFHCQAGIGRTTTFMI MYDMMKN’ 

present in all CPhy sequences (KUMAR and AGRAWAL, 2014). Similarly, pyranose 

dehydrogenase (Verma, 2014) , and hypothetical proteins (Carlos Leonardo Araújo, Iago 

Blanco, Luciana Souza, Sandeep Tiwari, Lino César Pereira, Preetam Ghosh, Vasco Azevedo, 

Artur Silva, 2020) and many more enzymes were explored through in-silico characterization 

method.  

1.9 Engineering of novel enzymes: 

Researchers all over the world have been focusing on different aspects to increase 

thermostability via protein engineering approach (directed or rational engineering) and 

computational analysis via software and tools.  

The directed evolution approach is time-consuming and requires an extensive screening 

process. Shivange et al. focus on the reduction of flexibility to enhance thermostability via the 

adopted KeySIDE approach to improve the thermostability of Yersinia mollaretii phytase 

(Ymphytase) which involved the combination of investigating iterative key residues of the wild 

type and identifying substitutions using directed evolution method. M6 mutant (T77K, Q154H, 

G187S, and K289Q) improved the residual activity as compared to the wild type. The 

mutations T77K, G187S, and K289E/Q reduced the flexibility of the loops near helices which 

overall increased thermostability (Shivange, Roccatano and Schwaneberg, 2016).  

Researchers also adopt a rational engineering approach to improve the characteristics of 

enzymes e.g., Fei et.al. focused on protein flexibility as well as protein surface analysis and 

enhancement of salt bridges as a strategy for rational engineering of Escherichia coli AppA 

phytase. They analyzed protein flexibility with the help of a Root mean square deviation 

(RMSD) graph obtained via Molecular Dynamic Simulation (MDS). Surface thermal unstable 

residues were targeted based on their RMSF values which were above 2 A˚ and are above 4 A˚ 

away from the AppA functional sites. They demonstrated that the salt bridges and the α/β- 

domain of E. coli phytase are of utmost importance. They introduce mutation Q307D which 

enhanced thermostability compared to wild type (Fei et al., 2013). Han et.al., adopted a 

consensus sequence rational protein engineering approach to engineer A.niger  phytase (Anp) 

by structural comparison with A.fumigatus phytase (Afp) structure with the help of molecular 
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dynamics simulation. In AnP, the segments A35-P42, R163-Q168, and T248-K254 exhibited 

the highest main chain deviation, and thus were the targets for engineering. By hydrogen bond 

analysis of mutant candidate, it was found that S39 and S42 in segment-1, T165, N166, and 

R167 in segment-2, R248, D251, A252, and Q254 in segment-3 have the greatest contribution 

to the enhanced thermostability (Han et al., 2018). Similarly, enzymes such as carbonic 

anhydrase, (Parra-Cruz et al., 2018), lytic polysaccharide monooxygenases (Zhou et al., 2022), 

and haloalkane dehalogenase (Satpathy et al., 2015) are rationally engineered to make it 

thermostable. 

1.10 Problems related to the application of phytases: 

The utilization of phytase in the feed and food industry, bioethanol and myo-inositol 

phosphates production process are restricted due to its reduced effectiveness during high-

temperature processing stages (Rebello et al., 2017) (V. Kumar & Sinha, 2018) (Makolomakwa 

et al., 2017). The application of phytases is also limited in the soil amendment process as it 

depends upon various factors such as soil environment (pH, temperature, presence of metal 

ions), bioavailability of phytate, or presence of inhibitors in soil (Menezes-Blackburn et al., 

2013). Hence there is a constant need to explore novel stable phytases through conventional 

and computational approaches (Tan et al., 2016) (Castillo Villamizar et al., 2019).  

The present study is important because there is a demand for stable phytase in the feed and fuel 

industry since the introduction of phytase has the potential to reduce environmental pollution, 

natural resource management, increase bioavailability of micronutrients, and increase 

bioethanol production, reduce feed cost. Few commercial phytases are available but they 

exhibit reduced activity as temperature increases. 

In this context, the present study aimed at finding novel phytases with improved thermostability 

using in-silico bio-prospecting and rational engineering approaches, because it has 

environmental, economic, and health benefits.  
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Review of Literature 

2.1 Bioprospecting of novel enzymes: 

There is a huge demand for enzymes in almost every aspect of life in today’s world. The reasons 

or key factors that drive the enzyme demand and growth of the industrial enzyme market are i) 

the growing global population that consumes food and beverages, ii) rising healthcare costs, 

iii) personalized medicine (increased diagnostic testing and genome sequencing), iv) more 

insured people undergoing routine medical care) growth in the bioenergy sector (Li et al., 

2012). The bioprospecting of novel enzymes can be performed using different approaches like 

conventional, metagenomics, and in-silico methods. 

2.1.1 Conventional bioprospecting of enzymes:  

In conventional bioprospecting, the initial enzymes are surveying natural reservoirs, cultivating 

and isolating microorganisms that produce target enzymes, or adopting a culture-free approach. 

This is followed by identifying potential candidates or genes and undergoing experimental 

verification (A. D. Kamble & Singh, 2022). Extremophiles, organisms that thrive in extreme 

conditions such as high temperature, saline environments, or extreme acidity/alkalinity, 

possess robust biomolecules like proteins and enzymes that demonstrate greater stability 

compared to their counterparts found in mesophiles (Sarmiento et al., 2015) (Boteva & 

Kambourova, 2018). Researchers have isolated stable enzymes from hot springs in Tunisia 

(Thebti et al., 2016), Sangameshwar (R. M. Kumar & Raja, 2019), Taptapani Hot Spring (R. 

K. Sahoo et al., 2017), Eryuan Niujie Hot spring (Yan et al., 2017), and the hot spring in 

Xiamen, China (C. Zhao et al., 2017).  

Powar and Jagannathan isolated phytase from B.subtilis in 1982 (Powar & Jagannathan, 1982). 

Kumar et al. extracted phytase-producing micro-organisms such as Acromobacter sp. PB-01, 

Tetrathiobacter sp. PB-03, and Bacillus sp. PB-13 from Himalayan soils, which helped the 

growth of Brassica juncea (V. Kumar et al., 2013). Aseri et al. explored fungi capable of 

degrading phytin and glycerolphosphate from arid and semi-arid Indian soils, with varying 

activity among different fungi (Aseri et al., 2009). Puppala et al. characterized a novel acidic 

and thermostable phytase isolated from Streptomyces sp. (NCIM 5533) on the Sanjivani islands 

in Maharashtra, India, displaying plant growth-promoting properties by supporting the growth 

of Solanum lycopersicum (Puppala et al., 2019). Enhancing phytase production from 

Citrobacter koseri was achieved using agro-industrial residues like wheat bran and oil meals 

as substrates in both submerged fermentation and solid-state fermentation (Tripathi et al., 
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2016).  Reports on phytase from Enterobacter cloacae strain PSB-45 in compost and Serratia 

sp. PSB-15 in degraded wood sources indicated Km and Vmax values of 1.25 mM and 0.140 

µM/min, and 0.48 mM and 0.157 µM/min, respectively (Kalsi et al., 2016). Similarly, Roy and 

Datta isolated a Ca2+-dependent, extracellular β-propeller phytase from Bacillus aryabhattai 

RS1 in the rhizosphere (Moushree Pal Roy, Subhabrata Datta, 2017). Sajidan et.al. researched 

soil samples collected from volcanic regions in Central Java to identify phytase-producing 

organisms. They discovered that these phytases were associated with the Bacillus genus, 

specifically B.cereus, B.aryabhattai, and B.psychrotolerans (Sajidan et al., 2015). Separately, 

Jorquera et al. isolated thermostable phytases from Chilean hydrothermal environments, 

attributing them to the Bacillus and Geobacillus genera (Jorquera et al., 2017). Furthermore, 

Enterobacter sp. ACSS phytase, after purification, displayed stability across a broad 

temperature range temperature (Chanderman et al., 2016). Phytase-producing bacteria were 

isolated from Bambusa tulda Roxb.'s rhizosphere and were identified based on their halo-to-

colony ratio. The activity of phytase was assessed using wheat bran and Luria Bertani (LB) 

medium after acetone precipitation, while the bacterial genomes were examined for the β-

propeller phytase gene associated with Bacillus spp. using polymerase chain reaction (PCR). 

Additionally, their impact on maize seedling growth in phosphorus-deficient loamy soil was 

evaluated in pot conditions. Ten bacterial isolates from B. tulda's rhizosphere displayed the 

ability to decompose phytate, with SRBR-04 showcasing the most notable effect. Two isolates 

(SRBR-01, SRBR-04) were positive for the Bacillus phytase gene. In pot trials using 

phosphorus-deficient soil, isolate SRBR-07 notably increased biomass, improving shoot 

height, dry shoot weight, dry root weight, and leaf area compared to the untreated control. The 

introduction of phytase-producing bacteria into phosphorus-deficient agricultural soils could 

represent a sustainable approach for managing phosphorus nutrition in Zea mays (Gauchan et 

al., 2023). Bharambe et.al. gathered phytase-producing microorganisms from soil and litter 

samples obtained from poultry, cattle, goatshed, and gardens. Among these, A.terreus fsp-4 

exhibited promising potential as a phytase producer (Bharambe & Peshwe, 2023). Ihsein et.al. 

extracted microorganisms capable of degrading phytate from both the rhizosphere and bulk 

soil. Molecular examination indicated their affiliation with BPP. In the phosphorus-deficient 

soil, bacteria carrying the BPP gene were present in both the rhizosphere (R) and bulk (B) soil 

fractions. Around 25% of the bacteria in the bulk soil and 37.5% in the rhizosphere tested 

positive for the gene. These findings strongly suggest a higher prevalence of phytase bacteria 

in the rhizosphere of P.vulgaris compared to the bulk soil (Ihsein Rokia Amine-Khodja, Ryn 

Maougal, 2023). The utilization of plant growth-promoting bacteria (PGPB) producing 
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phytase, an enzyme capable of breaking down inositol phosphate in soil, stands as a sustainable 

method for providing available phosphorus (P) to plants. Li et al. collected 73 potential 

bacterial isolates from the rhizosphere of seven significant grass species in the alpine grassland 

of the Qinghai-Tibetan Plateau. They employed qualitative and quantitative methods to 

evaluate the bacteria for their ability to promote plant growth (PGP traits). Results showed that 

most of these bacteria, originating mainly from Proteobacteria and Actinobacteria, represented 

16 different genera. Notably, Pseudomonas species were most prevalent among the isolates 

and demonstrated notable phytase activity. Additionally, six strains showed positive 

amplification for the phytase gene (β-propeller phytase, BPP), significantly enhancing various 

parameters in Lolium perenne L. under P-limitation conditions. The expression of the phytase 

gene (BPP) in the root system was confirmed using qPCR. Furthermore, the PHY101 gene 

responsible for encoding phytase from Pseudomonas mandelii GS10-1 was cloned, sequenced, 

and expressed in Escherichia coli. The phytase PHY101 demonstrated its activity at pH 6 and 

40°C. It exhibited as a potential PGPB (Q. Li et al., 2023). Nezhad and colleagues isolated ten 

bacterial strains and one yeast strain known for producing phytase. Identification involved the 

analysis of 16S rRNA and the nuclear ribosomal transcribed spacer (ITS). To characterize their 

phytase production, they conducted qualitative and quantitative tests. Additionally, they 

amplified the histidine acid phosphatase gene using specific primers for further study. Phytase 

activity levels varied from 194.21 mU/mL to 381 mU/mL. Sequencing identified Acinetobacter 

as the dominant genus among six of the eleven isolates, while the rest were associated with 

Enterobacter, Pseudomonas, Escherichia, and Saccharomyces. Moreover, a new histidine acid 

phosphatase gene (PhySc) was found and amplified from the SPA isolate, showing a close 

resemblance to PHO5 from Saccharomyces cerevisiae YJM993 (accession number 

CP004601.2) (Nezhad et al., 2023).  

2.1.2 Bioprospecting of enzymes through functional metagenomic 

approach: 

Earth hosts around 4-6 X 1030 prokaryotes, with 95-99.9% of these microorganisms being 

uncultivable due to the constraints of culture-based techniques. The traditional approach has 

drawbacks: it's costly and time-consuming. The samples must meet specific quality standards 

for analysis, and purity is crucial. Candidates are selected through specialized media. Screening 

might not always yield promising candidates (A. D. Kamble & Singh, 2022) (Boddu et al., 

2022).  
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Pace et.al. pioneered a cultivation-independent method aiming to isolate all genomes from 

diverse microorganisms within a habitat. Schmidt et al. conducted the initial characterization 

of a community using metagenomic data based on 16S rRNA genes. This approach accounts 

for both the cultivable and uncultivable components of the microbial community. The basic 

procedures in metagenomic analysis include obtaining and breaking down the metagenomic 

DNA from various environmental samples, creating a metagenomics library, sequencing the 

genetic material, assembling it, and then classifying it based on taxonomical criteria (A. D. 

Kamble & Singh, 2022).  

In recent times, metagenomics has emerged as an effective method for discovering new 

enzymes by leveraging extensive genomic data from natural habitats. Bilirubin-oxidizing 

enzymes (Kimura & Kamagata, 2016), phytases (Castillo Villamizar et al., 2019), glycoside 

hydrolases (G. Zhang et al., 2016), antibiotic resistance enzymes (Elbehery et al., 2017), novel 

lignocellulose-degrading enzymes (Thornbury et al., 2018), serine metalloproteases (Shamim 

et al., 2018), hydrogenases (Adam & Perner, 2018), and polyhydroxyalkanoate synthase 

(Foong et al., 2018) were discovered using this approach. Liew et.al. isolated metagenomic 

DNA from hot spring water. They identified cellulose-degrading genera and thereby amplified 

cellulase genes, expressed, and purified recombinant Endoglucanase (EglDG) from 

Dictyoglomus sp. (Liew et al., 2017). Meng et.al. obtained the cellulase-xylanase protein from 

the buffalo rumen metagenome (Meng et al., 2023).  

Gharechahi et.al. identified several types of bacteria in the rumen with the ability to break down 

various complex carbohydrates. Notably, Verrucomicrobia and Spirochaetes were found to 

possess enzymes specifically suited for digesting intricate polysaccharides such as 

xyloglucans, peptidoglycans, and pectin (Gharechahi et al., 2023). Rathour et.al. identified 

FMN-dependent NADH azoreductase from the bioreactor biofilm metagenome (Rathour et al., 

2023). 

Alkaline phytase was extracted from red rice, and composted castor bean cake. The study 

identified PhytRC001, a novel phytase from an uncultured microbial community. This novel 

phytase exhibited the potential to be applied in various industries (Farias et al., 2018). Tan et.al. 

used natural resources such as soil to isolate two potential phytases. One of them belongs to 

the histidine acid phytases type and the other one was a novel phytase. Both phytases can be 

applied in industries due to their characteristics (Tan et al., 2014). Kuang et al. explored 

Baiyangdian Lake to understand the microbial diversity and their associated metabolic 
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pathways. The dominant groups present in the lake were Actinobacteria and Proteobacteria. 

They were found to be involved in various roles, such as phytase activity, regulation of 

phosphate, and nitrogen and sulfur breakdown and transformations (Kuang et al., 2023).  

2.1.3 In-silico bioprospecting of novel enzymes:  

In-silico bioprospecting entails discovering potential candidates through existing databases and 

characterizing them using various tools, servers, or software through computational methods. 

In-silico bioprospecting played a role in discovering new enzymes, antibiotics, and therapeutic 

compounds. Researchers explore databases using methods such as homology comparison, 

searching for conserved motifs, employing consensus-guided approaches, or utilizing keyword 

searches. Filters like percent identity, query coverage, and e-value are applied to refine and 

narrow down the results. Trusted online repositories associated with the International 

Nucleotide Sequence Database include the DNA Databank of Japan (DDBJ; 

http://www.ddbj.nig.ac.jp/), the European Bioinformatics Institute of the European Molecular 

Biology Laboratory (EMBL-EBI; http://www.ebi.ac.uk/ena/), the National Center for 

Biotechnology Information (NCBI; https://www.ncbi.nlm.nih.gov/), and the Joint Genome 

Institute (JGI; https://img.jgi.doe.gov) (A. D. Kamble & Singh, 2022) (Perez Rojo et al., 2023). 

Online databases/tools used for in-silico bioprospecting are mentioned in Table 2. 1 below: 
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Table 2. 1 Online Databases/tools used for in-silico bioprospecting: (Adopted from: (A. D. 

Kamble & Singh, 2022)).  

Sr. 

No 

Database/ Details Weblink/ References 

1 

Uniprot:  It is the protein database. The data is collected 

from Swiss-Prot, TrEMBL, and PIR-PSD databases. 

https://www.uniprot.org/ 

(Magrane & Consortium, 2011) 

2 

Conserved Domains database:  The protein functional 

units are annotated based on conservation patterns. 

https://www.ncbi.nlm.nih.gov

/Structure/cdd/cdd.shtml 

(Lu et al., 2020) 

3 

Protein database:  The protein sequences are 

distributed in GenBank, RefSeq, TPA, SwissProt, RIP, 

and PDB databases. 

www.nthe 

cbi.nlm.nih.gov/home/protein

s.shtml 

(Pruitt et al., 2012) 

(Berman et al., 2007) 

4 

Protein cluster:  It includes the RefSeq protein 

sequence encoded by the chlorophyll genome. It 

also includes the prokaryotic genome. 

https://www.ncbi.nlm.nih.gov

/proteinclusters 

(Klimke et al., 2009) 

 

5 

Structure:  The protein sequence data is derived from 

the PDB database. The information on sequences is 

linked to the sequence database, NCBI taxonomy 

database, and bibliographic information. 

https://www.ncbi.nlm.nih.gov

/structure 

(Madej et al., 2012) 

 

https://www.uniprot.org/
https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
http://www.ncbi.nlm.nih.gov/home/proteins.shtml
http://www.ncbi.nlm.nih.gov/home/proteins.shtml
http://www.ncbi.nlm.nih.gov/home/proteins.shtml
https://www.ncbi.nlm.nih.gov/proteinclusters
https://www.ncbi.nlm.nih.gov/proteinclusters
https://www.ncbi.nlm.nih.gov/structure
https://www.ncbi.nlm.nih.gov/structure
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6 

Protein Data Bank (PDB):  The database consists of 

X-ray diffraction or NMR structure data of protein 

and also consists of gene sequences. The 3D 

structure of a protein is readily available 

https://www.rcsb.org/ 

(Berman et al., 2007) 

(Burley et al., 2021) 

7 

InterPro:  It helps to predict protein family, domain, 

and binding site. It uses CATH, CDD, PRINTS, and 

Pfam database for the prediction. 

https://www.ebi.ac.uk/interpr

o/ 

(Blum et al., 2021) 

 

8 

Brenda:  It is a collection of information related to 

enzymatic reaction, structure, function, kinetic 

parameters, stability, and sequence data. 

https://www.brenda-

ews6Y6s.org/ 

(Schomburg et al., 2004) 

 

9 

BRENDA, KEGG, MetaCyc, and SABIO-RK (BKMS-

react):  It includes information about the enzymatic 

reactions, metabolic pathways as well as 

experimental conditions 

http://bkms-react.tu-

bs.de/index.php 

(Lang et al., 2011) 

 

10 

A Database of Enzyme Catalytic Mechanisms 

(EzCatDb):  This includes information about 

enzymatic reactions, cofactors, metabolites and 

active site domain and catalysis 

http://ezcatdb.cbrc.jp/EzCatD

B/ 

(Nagano, 2005) 

 

11 

Mechanism and Catalytic Site Atlas ( M-CSA 

):  It includes information about the catalytic 

residues, cofactors, and reaction mechanism 

https://www.ebi.ac.uk/thornto

n-srv/m-csa/ 

(Ribeiro et al., 2018) 

 

https://www.rcsb.org/
https://www.ebi.ac.uk/interpro/
https://www.ebi.ac.uk/interpro/
https://www.brenda-ews6y6s.org/
https://www.brenda-ews6y6s.org/
http://bkms-react.tu-bs.de/index.php
http://bkms-react.tu-bs.de/index.php
http://ezcatdb.cbrc.jp/EzCatDB/
http://ezcatdb.cbrc.jp/EzCatDB/
https://www.ebi.ac.uk/thornton-srv/m-csa/
https://www.ebi.ac.uk/thornton-srv/m-csa/
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12 

Thermodynamic database Database for Proteins and 

Mutants (ProTherm):  This contains information 

related to the change in thermal stability upon 

mutation 

https://www.iitm.ac.in/bioinf

o/ProTherm/ 

(Gromiha et al., 2000) 

 

13 

ProtaBank:  It includes mutated protein sequence 

information 

https://www.protabank.org/ 

(C. Y. Wang et al., 2018) 

14 

Kyoto Encyclopedia of Genes and Genomes (KEGG):  

This database is a collection of genomic, chemical, 

and system function information. 

https://www.genome.jp/kegg/ 

(Yi et al., 2020) 

 

15 

Protein Families (Pfam):  This is a protein family 

database. The multiple sequence alignment and 

hidden Markov model help to cluster these families. 

http://pfam.xfam.org/ 

(El-Gebali et al., 2019) 

 

16 
PRINTS:  This is a protein motif database 

http://130.88.97.239/PRINTS

/index.php 

(Attwood et al., 1994) 

17 

CATH (Class, architecture, topology, and homologs):  

This is a protein database. It consists of protein 

superfamily information such as Class, architecture, 

topology, and homolog sequences 

https://www.cathdb.info/ 

(Knudsen & Wiuf, 2010) 

(Knudsen & Wiuf, 2010) 

(Dawson et al., 2017) 

 

18 

Structural Classification of Proteins (SCOP):  This 

helps in protein structure classification 

http://scop.mrc-

lmb.cam.ac.uk/ 

(Andreeva et al., 2020) 

https://www.iitm.ac.in/bioinfo/ProTherm/
https://www.iitm.ac.in/bioinfo/ProTherm/
https://www.protabank.org/
https://www.genome.jp/kegg/
http://pfam.xfam.org/
http://130.88.97.239/PRINTS/index.php
http://130.88.97.239/PRINTS/index.php
https://www.cathdb.info/
http://scop.mrc-lmb.cam.ac.uk/
http://scop.mrc-lmb.cam.ac.uk/
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19 

Homology-derived Secondary Structure of Proteins 

(HSSP):  This includes protein secondary structure 

database 

https://swift.cmbi.umcn.nl/gv

/facilities/ 

(Touw et al., 2015) 

20 

SWISS-3DIMAGE:  This helps to gain information 

about the 3D structure of proteins 

http://www.pdg.cnb.uam.es/c

ursos/Leon_2003/pages/visua

lizacion/programas_manuales

/spdbv_userguide/us.expasy.o

rg/sw3d/index.html 

(Sussman, 1995) 

(Sussman, 1995) 

21 

Biological Magnetic Resonance Data Bank 

(BioMagResBank):  This has the collection of NMR 

database of proteins, amino acids, and nucleotides 

https://bmrb.io/ 

(Ulrich et al., 2008) 

 

22 

SWISS-MODEL Repository:  This database consists 

of a 3D structure 

https://swissmodel.expasy.or

g/repository 

(Bienert et al., 2017) 

(Bienert et al., 2017) 

23 
process:  This is a protein classification database 

https://proteininformationres

ource.org/pirwww/dbinfo/ipr

oclass.shtml 

(C. H. Wu et al., 2004) 

24 
TIGRFAM:  This is a protein family database 

http://tigrfams.jcvi.org/cgi-

bin/index.cgi 

(Haft et al., 2013) 

https://swift.cmbi.umcn.nl/gv/facilities/
https://swift.cmbi.umcn.nl/gv/facilities/
http://www.pdg.cnb.uam.es/cursos/Leon_2003/pages/visualizacion/programas_manuales/spdbv_userguide/us.expasy.org/sw3d/index.html
http://www.pdg.cnb.uam.es/cursos/Leon_2003/pages/visualizacion/programas_manuales/spdbv_userguide/us.expasy.org/sw3d/index.html
http://www.pdg.cnb.uam.es/cursos/Leon_2003/pages/visualizacion/programas_manuales/spdbv_userguide/us.expasy.org/sw3d/index.html
http://www.pdg.cnb.uam.es/cursos/Leon_2003/pages/visualizacion/programas_manuales/spdbv_userguide/us.expasy.org/sw3d/index.html
http://www.pdg.cnb.uam.es/cursos/Leon_2003/pages/visualizacion/programas_manuales/spdbv_userguide/us.expasy.org/sw3d/index.html
https://bmrb.io/
https://swissmodel.expasy.org/repository
https://swissmodel.expasy.org/repository
https://proteininformationresource.org/pirwww/dbinfo/iproclass.shtml
https://proteininformationresource.org/pirwww/dbinfo/iproclass.shtml
https://proteininformationresource.org/pirwww/dbinfo/iproclass.shtml
http://tigrfams.jcvi.org/cgi-bin/index.cgi
http://tigrfams.jcvi.org/cgi-bin/index.cgi
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25 

OWL:  It is a protein sequence database. The 

information is derived from SWISS-PROT, PIR, 

GenBank, and NRL-3D primary sequence database 

http://130.88.97.239/OWL/ 

(Bleasby et al., 1994) 

26 

The database of three-dimensional interacting domains 

(3DID):  This is a database that involves interaction 

information of protein with known 3D structure.  

https://3did.irbbarcelona.org/ 

(Mosca et al., 2014) 

27 

DOMINE:  This is a protein domain interaction 

database 

https://manticore.niehs.nih.go

v/cgi-bin/Domine 

(Yellaboina et al., 2011) 

28 

Binding MOAD ( the Mother of All Databases):  It is a 

collection of protein-ligand crystal structure 

information 

https://bindingmoad.org/ 

(R. D. Smith et al., 2019) 

 

29 

Phospho.ELM:  This is a Protein phosphorylation site 

database 

http://phospho.elm.eu.org/ 

(Dinkel et al., 2011) 

30 

SuperSite:  The database is a collection of drug-

protein binding site information along with its 

mechanism of action and conservation of binding 

site information. 

https://www.hsls.pitt.edu/obr

c/index.php?page=URL12375

65601 

(Bauer et al., 2009) 

 

31 

STITCH:  This consists of protein-compound 

interaction network information 

http://stitch.embl.de/ 

(Kuhn et al., 2008) 

http://130.88.97.239/OWL/
https://3did.irbbarcelona.org/
https://manticore.niehs.nih.gov/cgi-bin/Domine
https://manticore.niehs.nih.gov/cgi-bin/Domine
https://bindingmoad.org/
http://phospho.elm.eu.org/
https://www.hsls.pitt.edu/obrc/index.php?page=URL1237565601
https://www.hsls.pitt.edu/obrc/index.php?page=URL1237565601
https://www.hsls.pitt.edu/obrc/index.php?page=URL1237565601
http://stitch.embl.de/
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32 

Reactome:  This includes detailed information about 

the protein molecules involved in various 

biochemical pathways. It also provides a network 

chart of biochemical processes. The information is 

collected from UniPort, KEGG, OMIM, etc. 

https://reactome.org/ 

(Fabregat et al., 2017) 

 

33 

UniHI:  This gives information about the protein-

protein interaction 

http://www.unihi.org/ 

(Kalathur et al., 2014) 

34 

Bionemo: It is a collection of data related to proteins 

and genes involved in biodegradation metabolism. 

It also includes information related to structural, and 

biochemical information about the proteins and 

genes involved in biodegradation pathways 

https://www.hsls.pitt.edu/obr

c/index.php?page=URL12337

78230 

(Carbajosa et al., 2009) 

 

35 

The proteolysis map ( PMAP):  Proteolysis pathway 

database 

https://www.hsls.pitt.edu/obr

c/index.php?page=URL12337

64714 

(Igarashi et al., 2009) 

36 

CAZy 

( the Carbohydrate-Active enZYmes Database):  The 

carbohydrates degradation enzyme database 

http://www.cazy.org/ 

(Cantarel et al., 2009) 

 

37 

The lipase engineering database (LED):  The lipase 

engineering database 

http://www.led.uni-

stuttgart.de/ 

(Fischer & Pleiss, 2003) 

https://reactome.org/
http://www.unihi.org/
https://www.hsls.pitt.edu/obrc/index.php?page=URL1233778230
https://www.hsls.pitt.edu/obrc/index.php?page=URL1233778230
https://www.hsls.pitt.edu/obrc/index.php?page=URL1233778230
https://www.hsls.pitt.edu/obrc/index.php?page=URL1233764714
https://www.hsls.pitt.edu/obrc/index.php?page=URL1233764714
https://www.hsls.pitt.edu/obrc/index.php?page=URL1233764714
http://www.cazy.org/
http://www.led.uni-stuttgart.de/
http://www.led.uni-stuttgart.de/
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38 
MEROPS:  This is a peptidase database 

https://www.ebi.ac.uk/merops

/ 

(Rawlings et al., 2018) 

39 

Protease substrate specificity webserver (PROSPER):  It 

predicts the protease catalytic substrate and 

cleavage sites based on the sequence comparison 

with the protease superfamilies. 

https://prosper.erc.monash.ed

u.au/home.html 

(Song et al., 2012) 

 

40 

SABIO-RK:  This includes information about the 

biochemical and kinetic parameters. 

http://sabio.h-its.org/ 

(Wittig et al., 2006) 

 

41 

EBI Metagenomics:  It is an automated pipeline for 

Storage of metagenomic data, and functional and 

metabolic analysis. 

https://www.ebi.ac.uk/metageno

mics/ 

(Mitchell et al., 2018) 

(Mitchell et al., 2018) 

42 

Human Pan Microbe Communities Database (HPMCD):  

It consists of manually curated and searchable human 

gastrointestinal microbial data 

http://www.hpmcd.org/ 

(Forster et al., 2016) 

 

43 

KEGG MGENES Database:  It consists of gene data 

obtained from large-scale environmental sequencing 

studies 

https://www.genome.jp/mgenes

/ 

(Yi et al., 2020) 

 

44 

Metagenomes Online:  It consists of curated protein data 

obtained from environmental metagenomic studies 

http://metagenomesonline.org/ 

(Eric Wommack et al., 2012) 

 

https://www.ebi.ac.uk/merops/
https://www.ebi.ac.uk/merops/
https://prosper.erc.monash.edu.au/home.html
https://prosper.erc.monash.edu.au/home.html
http://sabio.h-its.org/
https://www.ebi.ac.uk/metagenomics/
https://www.ebi.ac.uk/metagenomics/
http://www.hpmcd.org/
https://www.genome.jp/mgenes/
https://www.genome.jp/mgenes/
http://metagenomesonline.org/
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(Nasko et al., 2018) 

(Nasko et al., 2018) 

45 

Viral Informatics Resource for Metagenome 

Exploration (VIROME):  The analysis of viral 

metagenomic sequences 

http://virome.dbi.udel.edu/ 

(Eric Wommack et al., 2012) 

 

46 

Piphillin:  It helps in the prediction of gene composition. 

This is done with the help of 16S rRNA OTU from 

human clinical samples metagenomic dataset. 

http://piphillin.secondgenome.c

om/ 

(Narayan et al., 2020) 

 

47 

Web services for metagenomic analysis (WebMGA):  

These are a collection of customizable web servers. This 

helps in fast metagenomic analysis. 

http://weizhong-

lab.ucsd.edu/webMGA/ 

(S. Wu et al., 2011) 

 

48 

MG-RAST:  It is a collection of: repository+ annotation 

+ analysis tools for metagenomic analysis 

https://www.mg-rast.org/ 

(Keegan et al., 2016) 

(Keegan et al., 2016) 

49 

Naïve Bayesian Classification tool (NBC):  This helps 

in taxonomic classification of metagenomic data 

http://nbc.ece.drexel.edu/ 

(Rosen et al., 2011) 

 

50 

CoMet:  It uses protein domain signatures for 

comparative analysis of metagenomic data 

http://comet2.gobics.de/ 

(Lingner et al., 2011) 

 

http://virome.dbi.udel.edu/
http://piphillin.secondgenome.com/
http://piphillin.secondgenome.com/
http://weizhong-lab.ucsd.edu/webMGA/
http://weizhong-lab.ucsd.edu/webMGA/
https://www.mg-rast.org/
http://nbc.ece.drexel.edu/
http://comet2.gobics.de/
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51 

MetaBioME:  This helps in searching commercially 

important enzymes in the metagenomic dataset 

http://metasystems.riken.jp/met

abiome/ 

(V. K. Sharma et al., 2009) 

52 

16S Classifier:  It uses 16s rRNA hypervariable regions 

for taxonomic classification. 

http://metagenomics.iiserb.ac.in

/16Sclassifier/application.php 

(Chaudhary et al., 2015) 

(Chaudhary et al., 2015) 

53 

ENZYME:  It is the collection of information related to 

characterized enzymes and their EC number 

https://enzyme.expasy.org/ 

(Bairoch, 2000) 

54 

ExplorEnz:  The IUBMB enzyme nomenclature is 

curated and disseminated. 

https://www.enzyme-

database.org/ 

(McDonald et al., 2009) 

 

55 

the Structure-Function Linkage Database (SFLD):  It 

helps in Hierarchical classification of enzymes as well 

as predicting structure-function relationship 

http://sfld.rbvi.ucsf.edu/archive/

django/index.html 

(Eyal Akiva et.al., 2014) 

56 

Catalytic Families (CatFam):  The enzyme sequence 

profile is used for understanding protein catalytic 

functions. 

http://www.bhsai.org/download

s/catfam.tar.gz 

(Yu et al., 2008) 

57 

MetaCyc:  The experimental data of metabolic pathways 

and enzymes are stored in this database. 

https://metacyc.org/ 

(Karp et al., 2002) 

http://metasystems.riken.jp/metabiome/
http://metasystems.riken.jp/metabiome/
http://metagenomics.iiserb.ac.in/16Sclassifier/application.php
http://metagenomics.iiserb.ac.in/16Sclassifier/application.php
https://enzyme.expasy.org/
https://www.enzyme-database.org/
https://www.enzyme-database.org/
http://sfld.rbvi.ucsf.edu/archive/django/index.html
http://sfld.rbvi.ucsf.edu/archive/django/index.html
http://www.bhsai.org/downloads/catfam.tar.gz
http://www.bhsai.org/downloads/catfam.tar.gz
https://metacyc.org/
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58 

EAWAG-BBD:  It gives information about the 

biocatalytic reactions and biodegradation pathways 

http://eawag-bbd.ethz.ch/ 

(Ellis & Wackett, 2012) 

59 

Fungal Peroxidase Database (fPoxDB):  It is a database 

of fungus peroxidases. It helps in the comparative and 

evolutionary genomics of peroxidases. 

http://peroxidase.riceblast.snu.a

c.kr/index.php?a=view 

(Choi et al., 2014) 

60 

Enzyme Structure Database:  It is a collection of known 

enzyme structures and this data is submitted to PDB. 

https://www.ebi.ac.uk/thornton-

srv/databases/enzymes/ 

(Laskowski et al., 2018) 

61 

Integrated relational Enzyme database (IntEnz):  It helps 

in enzyme nomenclature. 

https://www.ebi.ac.uk/intenz/ 

(Fleischmann et al., 2004) 

62 

REBASE:  It is a collection of information related to 

DNA restriction and modification systems. 

http://rebase.neb.com/rebase/re

base.html 

(Roberts et al., 2015) 

63 

ESTerases and alpha/beta-Hydrolase Enzymes and 

Relatives (ESTHER Database):  It helps in analyzing the 

proteins and protein domains of hydrolyses. 

http://bioweb.supagro.inra.fr/ES

THER/general?what=index 

(Lenfant et al., 2013) 

64 

a peroxidase database (PeroxiBase):  It helps in 

identifying putative functions and transcription 

regulation of peroxidase 

https://www.uniprot.org/databas

e/DB-0072 

(Passardi et al., 2007) 

65 

KinBase:  It is a collection of information related to 

protein Kinases 

https://www.hsls.pitt.edu/obrc/i

ndex.php?page=URL10548429

58 

http://eawag-bbd.ethz.ch/
http://peroxidase.riceblast.snu.ac.kr/index.php?a=view
http://peroxidase.riceblast.snu.ac.kr/index.php?a=view
https://www.ebi.ac.uk/thornton-srv/databases/enzymes/
https://www.ebi.ac.uk/thornton-srv/databases/enzymes/
https://www.ebi.ac.uk/intenz/
http://rebase.neb.com/rebase/rebase.html
http://rebase.neb.com/rebase/rebase.html
http://bioweb.supagro.inra.fr/ESTHER/general?what=index
http://bioweb.supagro.inra.fr/ESTHER/general?what=index
https://www.uniprot.org/database/DB-0072
https://www.uniprot.org/database/DB-0072
https://www.hsls.pitt.edu/obrc/index.php?page=URL1054842958
https://www.hsls.pitt.edu/obrc/index.php?page=URL1054842958
https://www.hsls.pitt.edu/obrc/index.php?page=URL1054842958
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(Caenepeel et al., 2004) 

66 

ArthropodaCyc:  It helps in predicting and identifying 

enzymes and their pathways that are unique to a given 

organism and or group of organisms 

http://arthropodacyc.cycadsys.o

rg/ 

(Baa-Puyoulet et al., 2016) 

67 

a database for plant carbohydrate-active enzymes 

(PlantCAZyme):  It helps in providing sequence and 

data related to CAZymes 

http://bcb.unl.edu/plantcazyme/ 

(Ekstrom et al., 2014) 

68 

a database of ORphan ENZyme Activities (ORENZA):  

It helps in predicting enzymatic activities of enzyme 

which does not have any representative sequence in the 

database. 

http://www.orenza.universite-

paris-saclay.fr/ 

(Lespinet & Labedan, 2006) 

 

69 
MEME:  Functional motifs 

https://meme-suite.org/meme/ 

(Bailey et al., 2015) 

70 
ProtoNet:  The orthologous sequences were clustered 

http://www.protonet.cs.huji.ac.il

/ 

(Rappoport et al., 2012) 

71 
TargetP/ChloroP:  Subcellular localization 

http://www.cbs.dtu.dk/services/

TargetP/ 

http://www.cbs.dtu.dk/services/

ChloroP/ 

(Emanuelsson et al., 2000) 

http://arthropodacyc.cycadsys.org/
http://arthropodacyc.cycadsys.org/
http://bcb.unl.edu/plantcazyme/
http://www.orenza.universite-paris-saclay.fr/
http://www.orenza.universite-paris-saclay.fr/
https://meme-suite.org/meme/
http://www.protonet.cs.huji.ac.il/
http://www.protonet.cs.huji.ac.il/
http://www.cbs.dtu.dk/services/TargetP/
http://www.cbs.dtu.dk/services/TargetP/
http://www.cbs.dtu.dk/services/ChloroP/
http://www.cbs.dtu.dk/services/ChloroP/
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(Heinegård & Paulsson, 1987) 

72 
TMHMM server: Predicting membrane protein 

http://www.cbs.dtu.dk/services/

TMHMM/ 

(Krogh et al., 2001) 

73 
SignalP:  Detecting Signal peptide 

http://www.cbs.dtu.dk/services/

SignalP/ 

(Almagro Armenteros et al., 

2019) 

74 

ProtParam tool:  Predicting the molecular weight, 

theoretical pI, total number of positive and negative 

residues, extinction coefficient, aliphatic index, 

instability index, and grand average of hydropathicity 

(GRAVY) 

https://web.expasy.org/protpara

m/ 

(Gasteiger et al., 2005) 

 

75 

the self-optimized prediction method (SOPMA):  The 

percentage of α-helix, β-pleated sheet, and coils were 

calculated 

https://vlab.amrita.edu/?sub=3&

brch=275&sim=1454&cnt=1 

(Geourjon & Deléage, 1995) 

76 

PsiPred:  The structural details such as disordered region 

of protein, disulfide bond, internal repeats, pest region, 

ubiquitination site, n-glycosylation site, and intron-exon 

organization can be identified. 

http://bioinf.cs.ucl.ac.uk/psipred

/ 

(McGuffin et al., 2000) 

 

http://www.cbs.dtu.dk/services/TMHMM/
http://www.cbs.dtu.dk/services/TMHMM/
http://www.cbs.dtu.dk/services/SignalP/
http://www.cbs.dtu.dk/services/SignalP/
https://web.expasy.org/protparam/
https://web.expasy.org/protparam/
https://vlab.amrita.edu/?sub=3&brch=275&sim=1454&cnt=1
https://vlab.amrita.edu/?sub=3&brch=275&sim=1454&cnt=1
http://bioinf.cs.ucl.ac.uk/psipred/
http://bioinf.cs.ucl.ac.uk/psipred/
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78 
Modeller:  Structure modeling 

https://salilab.org/modeller/ 

(Eswar et al., 2006) 

79 

Computed Atlas of Surface Topography of Proteins 

(CASTp):  Predicting the conserved active catalytic 

residues in selected protein model 

http://sts.bioe.uic.edu/castp/inde

x.html 

(Tian et al., 2018) 

80 

PROCHECK:  Help in understanding the 

stereochemistry quality of the protein structure 

https://www.ebi.ac.uk/thornton-

srv/software/PROCHECK/ 

(ROMAN A. LASKOWSKI, 

MALCOLM W. 

MACARTHUR, DAVID S. 

MOSS, 1993) 

81 

Protein Structure Analysis (PROSA):  It helps in the 

refinement of structure, structure prediction, and 

modeling 

https://prosa.services.came.sbg.

ac.at/prosa.php 

(Wiederstein & Sippl, 2007) 

82 
VERIFY3D:  It is used for the evaluation of the structure 

https://servicesn.mbi.ucla.edu/vi

ewer/?job=9678&p=verify3d 

(Eisenberg et al., 1997) 

83 

ERRAT: It is used to verify the reliability of the modeled 

structure. 

https://servicesn.mbi.ucla.edu/E

RRAT/ 

(Colovos & Yeates, 1993) 

84 

Qualitative Model Energy Analysis (QMEAN):  It is 

used to check the quality and analyze the 

stereochemistry of the modeled structure. 

https://swissmodel.expasy.org/q

mean/ 

(Benkert et al., 2007) 

https://salilab.org/modeller/
http://sts.bioe.uic.edu/castp/index.html
http://sts.bioe.uic.edu/castp/index.html
https://www.ebi.ac.uk/thornton-srv/software/PROCHECK/
https://www.ebi.ac.uk/thornton-srv/software/PROCHECK/
https://prosa.services.came.sbg.ac.at/prosa.php
https://prosa.services.came.sbg.ac.at/prosa.php
https://servicesn.mbi.ucla.edu/viewer/?job=9678&p=verify3d
https://servicesn.mbi.ucla.edu/viewer/?job=9678&p=verify3d
https://servicesn.mbi.ucla.edu/ERRAT/
https://servicesn.mbi.ucla.edu/ERRAT/
https://swissmodel.expasy.org/qmean/
https://swissmodel.expasy.org/qmean/
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Bunterngsook et al. (2021) conducted in-silico bioprospecting to identify potential lytic 

polysaccharide monooxygenases (LPMOs) in a thermophilic microbial metagenomics dataset 

sourced from soil near a bagasse collection site. They utilized the Blastp tool against the 

Carbohydrate-Active enZYmes (CAZy) database (Bunterngsook et al., 2021). Likewise, 

González-Torres et al. utilized the NCBI nr database to search for putative L-Asparaginases 

(ASNases) (González-Torres et al., 2020). Araújo et al. retrieved 172 hypothetical proteins 

(HPs) from 32 Corynebacterium pseudotuberculosis biovar ovis genomes using the NCBI 

database and the online RAST platform (Rapid Annotations using Subsystems Technology) 

(Carlos Leonardo Araújo et.al., 2020). In 2017, Zhang et al. extracted active or purified 

enzymes from around 6000 clones within the metagenomics database (ZHANG Jian-zhi et.al., 

2020).  Góngora-Castillo et.al. investigated the occurrence of new S8A proteases across 

different phyla, including Proteobacteria, Actinobacteria, Planctomycetes, Bacteroidetes, and 

Cyanobacteria (Góngora-Castillo et al., 2020). Ariaeenejad et al. discovered novel alkali-

thermostable endo-b-1,4-glucanase via raw sheep rumen metagenomics data (Ariaeenejad et 

al., 2020). Additionally, Foong et al. discovered the polyhydroxyalkanoate (PHA) synthase 

gene via Balik Pulau (BP) mangrove soil metagenome data in the MG-RAST database to locate 

(Foong et al., 2018). 

Homology-based in-silico bioprospecting: 

A known candidate is utilized to explore the existing database to extract new enzyme 

sequences, either in protein or DNA form. The database must consist of complete sequences 

with conserved domains. The sequences which were > 90% identical to the known phytases 

are excluded from the list to obtain novel enzymes with conserved domains and distinct from 

the closet homologous sequences (A. Kamble et al., 2019)(ZHANG Jian-zhi, et.al., 2020) (Y. 

Zhang et al., 2020).  

Several studies helped to obtain novel enzymes through a homology-based in-silico 

bioprospecting approach. E.g. Gupta et.al., Rolf et.al., and Sadeghian et.al. used the NCBI 

database and Blastp analysis to obtain a list of hypothetical proteins from Triticum aestivum, 

wheat, and novel cyclic GMPeAMP synthase (cGAS), thermostable multicopper oxidases 

respectively (Gupta et al., 2018) (Rolf et al., 2020), (Sadeghian et al., 2020).Similarly, Yata 

et.al. used computational tools to explore Urease from Cucumis sativus and Fragaria vesca by 

comparing it to the reference Pigeon pea Urease  (Yata et al., 2021). The novel ß-esterases were 

discovered through a peptide pattern recognition tool (Voß et al., 2020). Two new endo-b-N-



Chapter 2 

Sunandan Divatia School of Science, SVKM’s NMIMS (Deemed-to-be) University   35 

acetylglucosaminidase isoenzymes were investigated based on the structural and functional 

aspects (Şahutoğlu et al., 2020). The novel α-amylases were mined by using the sheep rumen 

metagenomics data (Motahar et al., 2020). Vaquero et.al. used MEME software to discover the 

conserved motifs in the Pseudozyma antarctica lipase B family (Vaquero et al., 2015). 

IMG/MER hot spring database was used to explore the different metagenomic ado genes from 

Synechococcus elongatus PCC7942 (Shakeel et al., 2018). The novel ß-glucosidase was 

explored by using the microbial metagenome of Lake Poraquê (Toyama et al., 2018).  

Conserved domain-based in-silico bioprospecting:  

The novel candidates were identified by using the conserved domain. HP sequences utilized 

the NCBI protein and UniProt databases. The Conserved Domains Database (CDD)-search 

suite was used to obtain information regarding conserved domains. The information obtained 

from the CDD was confirmed by using Protein families (Pfam) and InterProScan (Guha et al., 

2020). Tan et.al. explored 18 fungus garden metagenomes deposited in the IMG/M database to 

obtain a list of novel histidine acid phosphatase based on conserved domains, shortlisting a 

total of 11 putative sequences (Tan et al., 2015). Thornbury et.al. utilized NGS generated 

microbiome dataset along with a putative domain to obtain a list of novel candidates 

(Thornbury et al., 2018). Similarly, camel rumen, sheep rumen, cold marine sediment 

metagenomic sequence data was used to explore various enzymes such as thermostable 

cellulases and thermostable, halotolerant along with glucose-tolerant novel ß-glucosidase, and 

novel monoxygenases  (Maleki et al., 2020) (Ariaeenejad et al., 2020) (Musumeci et al., 2017). 

Homology + conserved domain approach:  

The combination of methods i.e., homology and conserved domain, was used to explore novel 

enzymes based on parameters such as e-value, conserved domains, and conserved motifs. E.g., 

Sahoo et.al. initially obtained a list of HPs from 26 microbial genomes by using genome data 

and computational tools like Blastp (S. Sahoo et al., 2020). 

2.2 In-silico characterization: 

Before any candidate is experimentally verified and validated, an in-silico characterization is 

helpful to gather all the properties relevant and specific to the protein. This includes structural, 

evolutionary, and interaction studies using various computational tools and software. A 

compiled list of these tools used in in-silico characterization is given in Table 2. 1.  
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2.2.1 Analysis of primary sequence and secondary, and tertiary structure:  

ExPasy-ProtParam and PEPSTATS tools were used to extract information regarding isoelectric 

point (pI), total amino acid composition, instability index, aliphatic index, and grand average 

of hydropathicity (GRAVY) (Bhagwat et al., 2021) (N. Sharma et al., 2017) (Guha et al., 2020) 

(A. D. E. V Sharma, 2020) (A. A. Smith & Caruso, 2013). 

The secondary structure analysis was evaluated using tools/servers/software such as PSI-blast-

based secondary structure PREDiction (PSIPRED), ESPript, the Self-Optimized Prediction 

Method with Alignment (SOPMA), and SIB MyHits(Bhagwat et al., 2021)  (Hemmati & 

Mehrabadi, 2020) (Motahar et al., 2020).  

I-TASSER (Iterative Threading ASSEmbly Refinement), HHpred web server, MODELLER, 

Phyre2 server, and Swiss-model were used for model tertiary structure (González-Torres et al., 

2020) (Şahutoğlu et al., 2020) (Hemmati & Mehrabadi, 2020) (Shakeel et al., 2018) 

(Ariaeenejad et al., 2020) (Maleki et al., 2020) (Bunterngsook et al., 2021) (Şahutoğlu et al., 

2020). PROCHECK, Qualitative Model Energy Analysis (QMEAN), and Verify 3D were used 

to evaluate the tertiary structure (Hemmati & Mehrabadi, 2020). 

2.2.2 Phylogenetic tree:  

Phylogenetic analysis was constructed by using different servers/software such as Molecular 

Evolutionary Genetics Analysis (MEGA) (Bunterngsook et al., 2021), EMBL-EBI (Yata et al., 

2021), PhyloPythiaS (Tan et al., 2015), and the MAFFT server (Voß et al., 2020) (Maulana et 

al., 2023). 

2.2.3 Evaluation of Function:  

Function evaluation was carried out by analyzing protein interaction, glycosylation, disulfide 

bonds, conserved domains, motifs, catalytic mechanisms, molecular dynamics simulation 

(MD), and molecular docking. Databases like BRENDA, Enzyme Function Initiative (EFI), 

and ExPASy-ENZYME helped to explore different enzyme mechanisms involving examining 

molecular structures, activation-free energies, binding processes, chemical bond cleavage, and 

molecular interactions (ZHANG Jian-zhi, et.al., 2020) (Y. Zhang et al., 2020).  

ProFun server and SCooP server were used to evaluate the functional traits and melting 

temperature of the stress-responsive acid phosphatase gene TaPase, and thermo/organotolerant 

BOD  (A. D. E. V Sharma, 2020) (Sadeghian et al., 2020).  
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2.2.4 Protein interaction studies: 

The protein interaction network was evaluated by using the TMHMM Server and the Search 

Tool for the Retrieval of Interacting Genes/Proteins (STRING) tool. E.g. These tools/servers/ 

software was used to identify transmembrane motifs, interaction network and functional 

protein association in various enzymes/protein such as the insect trypsin enzymes (Hemmati & 

Mehrabadi, 2020) and novel abiotic stress proteins in T.aestivucm (Gupta et al., 2018), in 

hypothetical proteins from the core genome of C.pseudotuberculosis biovar ovis (Carlos 

Leonardo Araújo, et.al, 2020).  

2.2.5 Conserved domain, motifs, domains, peptide, epitope, glycosylation, 

disulfide bonds, antigenicity, and localization analysis:  

Several studies evaluated the presence of conserved domain, motifs, peptides, epitope, 

glycosylation, disulfide bonds, antigenicity, and localization e.g. Endo-b-1,4-glucanase 

(Ariaeenejad et al., 2018), α-amylase  (Motahar et al., 2020), and Beauveria bassiana chitinase 

(Bhagwat et al., 2021) enzymes were subjected to the Multiple Em for Motif Elicitation 

(MEME) program, Conserved Domain Database, SIB MyHits Motif scan and Pfam for 

evaluation of the conserved domain. Similarly, Pfam, CATH, SVM-Prot, CDART, SMART, 

ProtoNet, Self-Optimized Prediction Method with Alignment (SOPMA), SCRATCH, 

NetNGlyc, and GeneWise were used to understand the functional domains and families of 

hypothetical proteins (HPs) (Gupta et al., 2018)(S. Sahoo et al., 2020).  Araújo et al. (2020) 

conducted functional annotations of 172 HPs from C. pseudotuberculosis biovar ovis genomes 

using the GO FEAT tool (Carlos Leonardo Araújo, Iago Blanco, Luciana Souza, Sandeep 

Tiwari, Lino César Pereira, Preetam Ghosh, Vasco Azevedo, Artur Silva, 2020). 

Tan et.al. used SignalP to identify signal peptides in novel mesophilic phytase and novel AA9-

type LPMO (Tan et al., 2015). PlantmPLoc, MultiLoc2, SherLoc2, WoLF Psort, TargetP, 

Psortdb and CELLO was used to find localization of HPs and chitinases (Bhagwat et al., 2021) 

(Gupta et al., 2018) (Guha et al., 2020) (Carlos Leonardo Araújo, et.al., 2020).  

2.2.6 Molecular docking and Molecular Dynamics Simulation analysis:  

AutoDock Vina (Bhagwat et al., 2021) (Yata et al., 2021), and SwissDock (Şahutoğlu et al., 

2020) were used to evaluate the binding affinity of enzymes such as novel N-acetyl-

glucosaminidase enzymes (Şahutoğlu et al., 2020), andpotential as inhibitors for 

M.tuberculosis MurB (Nirwan et al., 2020).  
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GROningen MAchine for Chemical Simulations (GROMACS), AMBER (Assisted Model 

Building and Energy Refinement), CHARMM (Chemistry at Harvard Macromolecular 

Mechanics), Nanoscale Molecular Dynamics (NAMD) software, molecular mechanics (MM), 

and quantum mechanics (QM) approaches were used in different studies to evaluate dynamic 

behavior of proteins (ZHANG Jian-zhi, et.al., 2020)  (Zhang et al., 2020). 

Molecular dynamic simulation helped to identify thermally sensitive regions in Np-ADO and 

its mutants, Cts-ADO (Shakeel et al., 2018). There are number of studies which used MD 

simulation to study the dynamic behavior of enzymes such as novel N-acetylglucosaminidase 

(Şahutoğlu et al., 2020), Mycobacterium tuberculosis (Mtb)-MurB oxidoreductase enzymes 

(Nirwan et al., 2020) and D-lactate dehydrogenase (ZHANG Jian-zhi, et.al., 2020)  (Y. Zhang 

et al., 2020) and C.sativus Urease (Yata et al., 2021).  

Oyewusi et.al. investigated the binding of the substrate, mainly haloacids, and haloacetates, to 

the dehalogenase enzyme via a combination of docking and simulations. This study helped to 

gain information regarding potential reaction mechanisms of dehalogenases (Oyewusi et al., 

2023). 

2.3 Protein engineering approach: 

Enzyme engineering, coupled with computational tools, plays a pivotal role in augmenting 

enzyme properties like thermostability, catalytic efficiency, and expanding their pH range. 

Efforts to enhance thermostability often revolve around targeted modifications, focusing on 

augmenting hydrogen bonding, introducing disulfide bridges, optimizing glycosylation, 

reducing loop flexibility, fortifying ionic and hydrophobic interactions, augmenting polar 

surface areas, and increasing the number of salt bridges. Amino acid composition is also 

critical; higher proportions of Arg, Tyr, and Ser, alongside increased helical content, are 

associated with heightened thermostability (S. Kumar et al., 2000). Researchers globally 

concentrate on diverse strategies, such as protein engineering approaches (directed or rational) 

and computational analyses, to boost enzyme characteristics. The following table presents such 

studies related to phytase engineering (Table 2. 2). 

2.3.1 Directed evolution:  

Directed evolution mimics natural evolutionary processes by creating DNA libraries from the 

gene encoding the enzyme of interest. Random mutations generate enzyme variants with 

improved properties, requiring High-Throughput Screening (HTS) to select the desired 

variants. This method has shown success in the lab, enhancing enzyme activity, specificity, 
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thermostability, and enantioselectivity without needing extensive structural or biochemical 

knowledge. Two distinct methodologies, namely random mutagenesis and HTS, were 

employed in the pursuit of identifying potential enzyme mutations through directed evolution. 

Random mutagenesis, a commonly utilized technique in this domain, initiates DNA replication 

under less favorable conditions, resulting in mutated populations that may exhibit enhanced 

capabilities compared to the original enzyme. DNA shuffling is one of the Directed evolution 

techniques that involved similar gene fragmentation, followed by PCR-based amplification that 

helped to obtain novel genetic combinations. However, the number of combinations generated 

poses challenges in shortlisting the desired variants. The HTS can help to overcome issues 

related to DNA shuffling. The properties and yield of the target enzyme play an important role 

in identifying mutants through directed evolution. There are several ways to screen mutant 

libraries, such as in-vitro and in-vivo selection, multi-enzyme setups, screening of plaque, and 

computational approaches (Victorino da Silva Amatto et al., 2022) (J. Zhao et al., 2021). E.g., 

the thermostability of Yersinia mollaretii, Aspergillus niger N25 strain, and Escherichia coli 

phytase was improved by using a directed evolution approach (Amol V. Shivange, Hans 

Wolfgang Hoeffken, Stefan Haefner, 2016) (Tang et al., 2018). Similarly, Xing et.al. improved 

thermostability of Escherichia coli phytase (Xing et al., 2023). The mutants K46E and 

K65E/K97M/S209G exhibited enhanced thermostability compared to the wild type. The 

mutation enabled the formation of hydrogen bonds (Kim & Lei, 2008). However, the 

application of directed evolution is limited because it is time ineffective and demands extensive 

screening processes (J. Zhao et al., 2021). 

2.3.2 Semi-rational strategy:  

The semi-rational approach is the combination of directed evolution and rational engineering 

methodologies. This method used sequence, and structure-based data along with computational 

methods to generate mutants, to reduce mutants in the screening process, and reliance on high-

yield methods. The semi-rational engineering involves the evaluation of protein sequence, 

analysis of structure, random mutagenesis, and computational assessments (Victorino da Silva 

Amatto et al., 2022). The thermostability of Citrobacter freundii phytase and XgtA was 

enhanced by using a semi-rational engineering approach (Gordeeva et al., 2019) (L. Chen et 

al., 2022).  
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2.3.3 Rational engineering strategy:  

Rational engineering is based on enzyme structure and functionality. The mutants were 

generated by sequence comparison and molecular dynamic simulation. This approach reduced 

the screening process to select potential mutants. Information on protein structure and function 

was obtained by using sequence-based and structure-based approaches (Victorino da Silva 

Amatto et al., 2022).  

Sequence-based methods involve aligning a well-characterized homologous protein sequence 

with the target protein to identify potential amino acid alterations that could enhance enzyme 

properties. Conversely, structure-based techniques use the three-dimensional crystal structure 

of an enzyme to revamp its active site. In both scenarios, mutations can encompass substitution, 

insertion, or deletion of residues, as well as replacing amino acids with differing 

physicochemical properties and sizes (Victorino da Silva Amatto et al., 2022). 

Recently, hybrid techniques such as structure-guided consensus, merging structure-based and 

sequence-based approaches, have emerged to offer insights into protein structure for rational 

design. Despite advantages over directed evolution, including smaller libraries and simplified 

screening, rational design encounters limitations, particularly when simultaneous substitutions 

are necessary. In contrast, directed evolution revolves around constructing libraries and 

screening mutants to uncover proteins with enhanced properties. The advancement of tools and 

models for rational design heavily relies on three fundamental aspects of enzyme information: 

accessibility, quality, and organization. Partial insights into these facets can be gleaned from 

public databases such as the Protein Data Bank and Universal Protein Resource, repositories 

housing curated data contributed by researchers (Victorino da Silva Amatto et al., 2022). E.g. 

improving enzyme thermostability is crucial for their industrial use, but no singular set of rules 

applies universally across enzymes. This study focuses on enhancing the thermostability of the 

haloalkane dehalogenase enzyme through computational methods. Leveraging the available 

crystal structure in the Protein Data Bank (PDB ID: 1EDE), various in-silico design strategies 

such as adjusting disulfide bond geometry, creating new hydrophobic pockets, forming fresh 

salt bridges, and applying multiple mutations (Satpathy et al., 2015).  

Different approaches can be used, such as disulfide bonds addition, and introducing internal 

non-covalent interactions like hydrogen bonds, hydrophobic interactions, salt bridges, and π-π 

bonds, oligomerization and interaction between subunits, glycosylation, and truncation (Xiong 

et al., 2022) (Xu et al., 2019). 
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The types of interactions such as intramolecular hydrogen bonding, salt bridges, aromatic 

interactions, and hydrophobic interactions play a crucial role in stabilizing structure. Disulfide 

bonds have been identified as crucial for protein folding and stabilization, especially in 

thermophilic enzymes. Proteins can form more stable structures when organized into 

homodimers through hydrogen bonds, salt bridges, and hydrophobic interactions. The 

oligomerization of thermophilic enzymes and interactions between subunits significantly 

contribute to enzyme stability. Subunit dissociation is considered an initial inactivation step for 

multimeric proteins, and reinforcing non-covalent interactions between subunits is essential to 

prevent this dissociation. Flexible loops and disordered termini regions in proteins often 

contribute to instability. Truncation of these unstable regions restricts conformational 

flexibility, while cyclization of proteins, particularly linking the N- and C-termini, is a 

promising strategy for stability enhancement (Xu et al., 2019).  E.g. Fei et al. enhanced the 

thermostability of E.coli AppA phytase by targeting protein flexibility, protein surface analysis, 

and increasing salt bridges (Fei et al., 2013). Similarly, Li et.al. increased the thermostability 

of the E.coli phytase via temperature factor analysis (B-value) and amino acid surface 

modification (J. Li et al., 2019). Fakhravar et.al. improved the enzymatic activity of 

thermostable E.coli phytase by using molecular dynamics simulation and rational engineering 

strategies. The generated mutant exhibited enhanced thermal resistance and binding 

interactions. The substitution with a non-polar amino acid (S392F) might have helped to create 

hydrophobic interactions, thereby enhancing the overall stability of the structure (Fakhravar & 

Hesampour, 2018). 

Disulfide by Design (Craig & Dombkowski, 2013), Consensus sequence finder (Hua et al., 

2020), Consurf (Celniker et al., 2013), and consensus analysis with known phytases, along with 

insights from existing literature (C. C. Chen & Tw, 2018) (X. Wang et al., 2015) can help to 

improve characteristics of enzymes. Additionally, the investigation involved tools like Hotspot 

Wizard (Bendl et al., 2016), Fireprot (Musil et al., 2017), Cabsflex (Jamroz et al., 2013),and 

FoldX (Schymkowitz et al., 2005).  

Disulfide bonds are formed due to the oxidation of two non-adjacent cysteines. The bonds 

reduced the conformational entropy of the unfolded state (J. Zhao et al., 2021).  

Maltotetraose-Forming Amylase (Yinglan Wang, Caiming Li, Xiaofeng Ban, Zhengbiao Gu, 

Yan Hong, 2022), Type A feruloyl esterase (Yin et al., 2015), Lipase B (Le et al., 2012), 1,3–

1,4-β-glucanase (Niu et al., 2016), microbial transglutaminase (Suzuki et al., 2022), 2’-
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deoxyribosyltransferases (Cruz et al., 2022), and many more were modified by using various 

tools such as DSDBASE-MODIP, Disulfide by Design2, SSBOND. These tools/servers were 

used for disulfide bond engineering.  

Disulfide bond engineering was also utilized to improve the stability of phytase. E.g., a novel 

Acidobacteria phytase was subjected to disulfide bond engineering to improve thermostability, 

and half-life as compared to the wild-type candidate (Tan et al., 2016). Sanchez-Romero et.al. 

introduced disulfide bonds in C.braakii phytase by using molecular dynamics simulations at 

various temperatures. The introduction of disulfide bonds helped to stabilize the fluctuating 

region that was suggested in the MD simulation analysis (Sanchez-Romero et al., 2013). The 

consensus sequence-based approach was used to improve the thermostability of A.niger 

phytase (Han et al., 2018), E.coli AppA (T. Wu et al., 2014), and glutamate decarboxylase from 

Lactobacillus brevis (Hua et al., 2020). The combination of FireProt with either Disulfide by 

Design or FRESCO was used to identify hotspots in flavin-dependent monooxygenase 

(Pongpamorn et al., 2019), Ketoreductase ChKRED12 (Liu et al., 2021)  and serine peptidase 

(Ashraf et al., 2019), and flavin reductase (Maenpuen et al., 2020). Similarly, Chen et.al. 

improved the thermostability of α-glycosidase extracted from Xanthomonas campestris (XgtA) 

by using FireProt (L. Chen et al., 2022). HotSpot Wizard was used to modify various enzymes 

such as lactate dehydrogenase (Luo et al., 2022), and FlAlyA (a PL7 alginate lyase) (X. Zhang 

et al., 2022). Similarly, FoldX, Rosetta ddg_monomer, and I-Mutant were used to enhance the 

thermostability of Candida rugosa lipases (G. Li et al., 2018) and Rhizopus chinensis lipase 

(Rui et al., 2020).   
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Table 2. 2 List of a few phytase engineering studies: 

Reference paper 

E.coli phytase 

Mutant Multiple /Point 

Target residue Position 

(J. Li et al., 2019) 

S 342 T 

Multiple 

E 383 A 

E 384 V 

R 385 A 

S 80 A 

P 41 W 

V 42 S 

K 43 L 

Q 285 D 

K 286 Y 

 

(Kim & Lei, 2008) 

K 46 E Point 

K 46 E Multiple 
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K 97 M 

S 209 G 

 

(C. C. Chen & Tw, 2018)  

A 143 C 

Multiple 

E 262 C 

R 259 C 

Multiple 

G 312 C 

V 205 C 

Multiple 

L 257 C 

A 264 C 

Multiple 

N 309 C 

A 143 C 

Multiple 

E 262 C 

R 259 C 

G 312 C 

A 143 C Multiple 
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E 262 C 

A 264 C 

N 309 C 

 

(X. Wang et al., 2015) 

 

 

 

 

 

 

 

 

  

W 46 E 

Multiple 

Q 62 W 

A 73 P 

K 75 C 

S 146 E 

R 159 Y 

N 204 C 

Y 255 D 

Q 258 N 

Q 349 N 

(Fakhravar & Hesampour, 

2018)  
S 392 F Point 

(J. Zhang et al., 2016)  K 24 E Point 
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(J. Zhang et al., 2016) 

W 46 E 

Multiple  
K 24 E 

Reference paper Yersinia and Citrobacter phytase 

Mutant Multiple/ Point 

 Target residue Position 

(Nezhad et al., 2020) 

F 89 S 

Multiple 

E 226 H 

(Shivange et al., 2016) 

T 77 K 

Multiple 

G 187 S 

Q 154 H 

K 289 Q 

(Gordeeva et al., 2019) 

K 46 M 

Multiple 

K 138 E 

(Shivange et al., 2014) 

D 52 N 

Multiple T 77 K 

K 139 E 
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G 187 S 

V 298 M 

(Stephane Blesa, Helene 

Chautard, Delcourt, Laurent 

Mesta, 2015) 

K 210 S 

Multiple Y 268 E 

Q 292 P 

(Sanchez-Romero et al., 2013) 

G 52 C 

Multiple 

A 99 C 

N 31 C 

Multiple 

T 177 C 

G 52 C 

A 99 C 

G 52 C 

Multiple 

A 99 C 

K 141 C 

V 199 C 



Chapter 2 

Sunandan Divatia School of Science, SVKM’s NMIMS (Deemed-to-be) University   48 

N 31 C 

Multiple 

T 177 C 

G 52 C 

A 99 C 

K 141 C 

V 199 C 
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Rationale, Aim, and Objectives 

3.1 Rationale 

Phytase hydrolyzes its substrate phytate. Phytate is a major source of phosphate in cereals and 

legumes and is indigestible in monogastric animals due to very limited phytase activity in the 

digestive tract. Hence, it exhibits the potential to cause environmental pollution. Phytate also 

exhibits anti-nutritional properties by chelating micronutrients such as Ca2+, Fe2+, and Zn2+, by 

forming complexes such as protein-phytate, starch-phytate, and lipid-phytate, and reduces 

bioavailability, which overall decreases the nutritional value of feed (Luo et al., 2009) (Kalsi 

et al., 2016) (Jaiwal et al., 2019) (Brinch-Pedersen et al., 2014). Hence, phytase is used as a 

feed additive in the feed industry to hydrolyze phytate to lower myoinositol derivatives and 

release phosphate. Thereby, it reduces the supplementation of inorganic phosphate in feed 

(which is obtained from non-renewable resources and accounts for 9% of the average feed 

cost), reduces the cost of feed which, accounts for 60-70% of the total cost in livestock farming, 

as well as aid in natural resource management. It also increases the bioavailability of 

micronutrients, which helps to maintain the high nutritional standard of feed and reduces 

environmental pollution by reducing eutrophication and deposition of low phytate content 

manure in soil (Jaiwal et al., 2019) (Brinch-Pedersen et al., 2014) (Cang et al., 2004) (Industrial 

Enzymes Market - Global Forecast by 2022, 2017).  

In addition to its wide application in the feed industry, phytases are also used as bread-making 

additives (Rao et al., 2009). In the bread-making industry, it helps reduce the fermentation time 

and improves bread texture (Rao et al., 2009). Phytases find use in aquaculture to counteract 

the detrimental effects of phytate present in fish feed. Their application contributes to 

enhancing fish growth and bone mineralization by improving mineral availability. Moreover, 

they can boost protein digestibility and decrease the overall phosphorus burden in aquatic 

settings (Rao et al., 2009).  Microbial phytases are also utilized in soil amendment, leading to 

improvements in soil quality and enhancing the growth and quality of plants (Rao et al., 2009). 

Besides that, phytases are used to synthesize lower myoinositol phosphates by enzymatic 

method. Enzymatic methods are environmentally friendly as compared to that of chemical 

synthesis methods. These inositol phosphate derivatives can be used as enzyme stabilizers, 

enzyme substrates, or inhibitors of enzymes (Rao et al., 2009) (Kaur et al., 2021). It is also 

proposed to apply it as a painkiller and act as an inhibitor against retroviral infections including 

HIV. Hence, inositol phosphates that can be synthesized by using phytases have potential 
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therapeutic applications (Kaur et al., 2021). Hence, in recent years, the use of phytase has 

extended beyond the feed-food industry and has found applications in various other fields. 

These include nutraceuticals, soil amendments, and the production of myoinositol phosphates. 

Commercial phytases like Natuphos® or Allzyme find extensive use in the feed industry, but 

their production is expensive, which ultimately restricts their application as feed additives 

(Vohra, and Satyanarayana 2021). Furthermore, apart from the constraints, the production 

industry of inositol phosphates also requires new phytases that possess the capability to achieve 

stereospecificity, ensuring precise configuration. This is crucial to offer a sustainable 

alternative to the chemical synthesis process (Kaur et al., 2021). Phytase applications are also 

limited in soil amendment due to several factors, including the soil environment (such as pH, 

temperature, and presence of cations), the presence of inhibitors, and the decreased availability 

of phytate because it binds tightly to soil components (Menezes-Blackburn et al., 2013).  

To address these challenges, we aim to obtain novel phytases through different approaches 

such as conventional, metagenomics, and in-silico bioprospecting; and further improve their 

properties via a protein engineering approach. 

3.2 Aim 

To obtain a novel phytase enzyme using bioprospecting and protein engineering approach. 

3.3 Objectives 

➢ Isolation and screening of phytase-producing microbes from natural sources or in-silico 

bioprospecting. 

➢ In-silico characterization and experimental validation of shortlisted phytase. 

➢ In-silico hotspot identification and experimental validation of shortlisted phytase. 
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Isolation and screening of phytase-producing microbes from 

natural sources or in-silico bioprospecting. 

4.1 Introduction: 

This chapter delves into the exploration of new phytases through three distinct approaches: 

conventional, metagenomics, and in-silico. The conventional approach involved the screening 

of phytase-producing microorganisms from different natural resources such as soil. The 

metagenomics approach employed 16S rRNA gene sequencing of total soil DNA to investigate 

the overall microbial diversity and identify phytase-producing microorganisms. In the in-silico 

bioprospecting approach, researchers utilized various databases to screen microorganisms 

capable of producing phytase. 

4.1.1 Conventional Bioprospecting: 

Researchers have been exploring phytase producers from natural resources such as soil. E.g., 

Kumar et.al. isolated phytase producers from environmental samples i.e., Himalayan soils, and 

identified Acromobacter sp. PB-01, Tetra- thiobacter sp. PB-03 and Bacillus sp. PB-13 is a 

potential phytase producer. They helped in the growth and phosphorous uptake of Brassica 

juncea (Kumar et al., 2013). Puppala et.al. characterized a novel acidic and thermostable 

phytase isolated from Streptomyces sp. (NCIM 5533) from Sanjivani I-lands Maharashtra, 

India. It also acts as a plant growth-promoting bacteria which was evident as it supports the 

growth of Solanum lycopersicum  (Puppala et al., 2019).  In general, the conventional 

bioprospecting approach favors the cultivation of microbes that can be grown in the laboratory.    

4.1.2 Metagenomics approach: 

Soil consists of soil biomass, minerals (different sizes, shapes, and chemical characteristics), 

and organic matter. The largest portion of the soil mass is composed of prokaryotes. However, 

the number of prokaryotic cells in the soil mass differs from sample to sample e.g., one gram 

of forest soil composed of 4 x 107 prokaryotic cells, and one gram of cultivated soil and 

grasslands consisted of 2 x 109 prokaryotic cells. There are two methods to explore this vast 

soil microbial diversity: cultivation-dependent based methods and cultivation-independent 

methods. Cultivation-based methods can only help to explore 0.1-1% of the total microbial 

population present in soil. To overcome this, cultivation-independent methods such as 

metagenomics are developed (Daniel, 2005). The first step in the soil metagenomics method is 
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the isolation of total soil gDNA extraction followed by 16S rRNA gene amplification to explore 

the diversity of microbial communities (A. Kamble et al., 2020).  These microbial communities 

can be explored to find new enzymes such as phytases e.g., Tan et.al., identified novel phytase 

genes from an agricultural soil via a metagenomics approach (Tan et al., 2014). 

4.1.3 In-silico bioprospecting: 

Database mining can also help to discover novel phytases e.g., Tan et.al. explored IMG/M 

database and discovered 11 putative HAP phytase genes from 18 publicly available 

metagenomes of fungus gardens. Among these rPhyXT52 phytase exhibited the highest 

activity at 52.5 °C (Tan et al., 2015). In another study, Tan et.al. used metagenomic datasets of 

an acidic peat-soil microbiome in northeastern Bavaria, Germany by using Pfam00328 (Pfam 

identifier) to explore novel phytases (Tan et al., 2016). 

4.2  Conventional Bioprospecting: 

4.2.1 Introduction: 

This approach aims to identify and isolate phytase-producing microbes from different soil 

samples (Nagar et al., 2021) (Figure 4. 1).   
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Figure 4. 1 Overview of the conventional bioprospecting method used in the present study. 

4.2.2 Materials and Methods: 

4.2.2.1 Materials (Chemicals, kits, reagents, solutions, plasticware): 

Sodium phytate which was used as substrate was procured from HiMedia Laboratories Pvt Ltd. 

The Invitrogen PureLink™ Genomic DNA kit (Cat. No. K182001) was acquired from 

ThermoFisher Scientific, India. Molecular grade agarose powder was purchased from MP 

Biomedicals, USA. All chemicals were procured from either Sigma-Aldrich, MP Biomedicals, 

Loba Chemie, or MolyChem. All plasticware utilized in the experiments, including 15ml and 

50ml falcon tubes, were obtained from SPL Life Sciences Pvt. Ltd., India. The sterile 

autoclavable plastic bags were ordered company. All microbiological media such as Luria 

Bertani and tryptic soy broth and agar were procured from HiMedia Laboratories Pvt Ltd. The 

16S rRNA gene primers were acquired from Sigma-Aldrich. The primers that were used to 

amplify the phytase gene and full-length 16S rRNA gene (Europhins make) were procured 

from Excel Biosolutions. 2x Emerald Amp 07 PCR Master mix (Takara), DNA ladder 

(GeneRuler). B-cell lysis buffer (Sigma Aldrich). Phenylmethylsulfonyl fluoride (PMSF), Low 

melting agarose from GeNei, sieve, Remi incubator shaker, SerialCloner software 2.6.1, 

NucleoSpin® Gel, and PCR Clean-up kit.  
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4.2.2.2 Soil sample collection:  

Soil samples were collected as per the guidelines given by the National Agricultural Portal of 

India (http://agritech.tnau.ac.in/agriculture/agri_soil_sampling.html). The field was divided 

into different sections. The section was cut in a 'V' shape, and five soil samples from each 

section were collected in a sterile biohazard plastic bag and mixed thoroughly (Figure 4. 2).  

 

Figure 4. 2 Method of soil sample collection adopted from the National Agricultural Portal of 

India. 

Details such as the location of the farm, the previous crop grown, the present crop, the crop to 

be grown in the next season, the date of collection, the name of the sampler, and the season 

were mentioned on the bag. The samples were transported in ice boxes to the lab of Sunandan 

Divatia School of Science, NMIMS (Deemed to be University), Mumbai. They were dried in 

a hot air oven for 30 minutes. The soil was spread on blotting paper and powdered by breaking 

the lumps. These soil samples were then passed through a 2mm sieve to remove litter and 

lumps, and the processed samples were transferred to sterile falcons. The Falcons were again 

labeled with information such as the location of the farm, the previous crop grown, the present 

crop, the crop to be grown in the next season, the date of collection, the name of the sampler, 

and the season. These processed soil samples were then stored at 4°C. 

We selected eleven different sites located in Maharashtra and Gujarat. The sources of soil 

samples included forest soil (Forest area in Ankleshwar; Gujarat), garden soil (Trikoni garden, 

Mumbai, Maharashtra), and fields with rice, oilseeds (Kursani), udad (pulse), nachini, millet 

(jowar), vegetation (ladyfinger), cotton, as well as swine enclosures collected from Baruch 

(Gujarat) and Jawhar district (Maharashtra). The details of soil samples are given in  

Table 4. 1. 
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Table 4. 1 The details of soil samples collected from different regions of Maharashtra and Gujarat (Nagar, Kamble and Singh, 2021). 

Soil sample source Location 
Geographical 

coordinates 
Soil type Agroecology Temperature 

Forest 
Ankleshwar, 

Gujrat 
21.58102° N, 73.04682° E Forest soil 

Mango, guava, and drumstick trees had 

grown in a 24281 m2 forest land 
24 °C 

Garden 
Mumbai, 

Maharashtra 
19.09935° N, 72.84850° E Clay soil 

Roses, Aloe vera, tulsi, herbs, and shrubs 

were grown in a 790 m2 area garden 
22 °C 

Rice, oil seed 

(kursani), udad 

(pulse), nachini 

(millets) 

Jawhar, 

Maharashtra 
19.91855° N, 73.23496° E Hill soil 

The crops such rice, oil seeed, udad and 

nachini were grown together in a 4000 m2 

field. 

26 °C 

Swine 
Jawhar, 

Maharashtra 
19.91855° N, 73.23496° E Silt soil 

The swine enclosures were maintained for 

20 and 4 years, respectively. 
26 °C 

Millets (jowar), 

vegetation (lady 

finger), and cotton 

Baruch, 

Gujrat 
21.68931° N, 72.89728° E Loam soil 

These crops were grown on 4047 m2 of 

land each. The crops were not harvested 
24 °C 
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4.2.2.3 Enrichment, screening, and isolation of bacteria:  

Soil samples were enriched in phytase screening broth (PSB) to support the growth of phytate-

degrading microbes. The composition of PSB is listed in Table 4. 2. Phytase-specific broth is 

used as an enrichment media in which glucose is a carbohydrate source, ammonium nitrate is 

the source of nitrogen, and calcium chloride, along with other essential nutrients, helps in 

enrichment. Sodium phytate is the specific substrate for phytate-degrading bacteria, which 

hydrolyzes phytate and releases inorganic phosphorous.  

One gram of soil samples was inoculated in sterile 50ml PSB. It was then incubated at 37°C 

and 180 rpm on a rotary incubator shaker, overnight. The enriched broth cultures were serially 

diluted (till 10-5) and spread-plated on PSA. PSA plates were incubated at room temperature. 

The plates were observed 24 hours, 48 hours, and 96 hours of incubation.  

The phytase-producing microbes were identified based on zones of hydrolysis and were 

compared to the E.coli zone of hydrolysis. The pure cultures of potential phytase-producing 

microbes were obtained by culturing and isolating them on Tryptic Soy (TS) media. The 

cultures were incubated at 37°C and 180rpm, overnight.  

Table 4. 2 Phytase screening broth (PSB) composition:   

Note: 

1. D-glucose and Sodium phytate should be filtered sterilized and added after autoclaving. 

2. Add 3% agar in PSB to prepare phytase screening agar (PSA). 

Components 
gm/L of Distilled water and respective 

(%) 

D-glucose 10 (1%) 

Sodium phytate (Himedia) 4 (0.4%) 

Calcium chloride (CaCl2) 2 (0.2%) 

Ammonium nitrate (NH4NO3) 5 (0.5%) 

Potassium chloride (KCl) 0.5 (0.05%) 

Magnesium sulfate heptahydrate 

(MgSO4.7H2O) 
0.5 (0.05%) 

Ferrous sulfate heptahydrate (FeSO4.7H2O) 0.01 (0.001%) 

Manganese sulfate heptahydrate (MnSO4.7H2O) 0.01 (0.001%) 
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4.2.2.4 Qualitative phytase activity: 

The qualitative phytase activity was estimated based on the zone of hydrolysis that was formed 

due to phytate degradation on PSA by phytase-producing microbes. The method involved 

spotting about 10μl of soil isolates and E. coli BL21 (DE3) culture on PSA. The plates were 

incubated at room temperature for 96 hours and then stained using a two-step counterstaining 

method. The two-step counterstaining method involved flooding of PSA plate with cobalt 

chloride solution (2% (w/v)) for 5 min and then replacing it with 1:1 (v/v) aqueous ammonium 

molybdate (6.25% (w/v)) and ammonium vanadate solutions (0.42% (w/v)) for 2 to 3 min. This 

staining method eliminated false-positive results (Bae et al., 1999). The positive phytase-

producing microbes exhibited a clear zone of hydrolysis did not regain the turbidity and 

remained Colorless. The estimation was performed in duplicates. 

4.2.2.5 Molecular identification of bacterial isolates: 

The molecular identification method involved the isolation of gDNA from bacterial isolates, 

followed by 16S rRNA amplification and sequencing. The gDNA isolation was performed 

using the PureLink® Genomic DNA kit (Cat. No. K182001). The purity and quantity of gDNA 

were estimated on BioTek nanoplates and by using BioTek Gen5 software. The integrity of 

gDNA was assessed by electrophoresis on 1% agarose gel.  

These extracted gDNA from each soil isolate were used as templates to amplify its 16S rRNA 

gene by using the forward primer 515F (5’-GTGCCAGCMGCCGCGGTAA-3’) and reverse 

primer Y36 (5’-GAAGGAGGTGWTCCADCC-3’). The PCR conditions and reaction mixture 

conditions are mentioned in Table 4. 3 and Table 4. 4 below. The PCR products were 

electrophoresed in a 0.8% agarose gel with 1X TAE as the buffer medium, at 100 volts against 

1 kbp DNA ladder. The PCR product was purified using the NucleoSpin® Gel and PCR Clean-

up kit. The resultant amplicons were also subjected to Sanger’s sequencing with forward primer 

i.e., 515F. The 16S rRNA gene sequencing results were analyzed using the NCBI Blastn tool. 

The nr database was chosen to screen and identify the closest homolog, and other parameters 

were kept default. The MEGA 7.0 software was used to construct a neighbor-joining and 

maximum likelihood tree. First, the multiple sequence alignment of the closet homologs and 

the soil isolates 16S rRNA gene sequences were built using the MUSCLE tool embedded in 

MEGA7 software. This alignment was used to construct a neighbor-joining phylogenetic tree 

and a maximum likelihood tree (1000 bootstrap, method: Jukes-Cantor model).  
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Table 4. 3 PCR reaction mixture to amplify 16S rRNA gene. 

Components Volume required per reaction 

Template* 1μl 

Forward primer (515F) 1μl 

Reverse primer (Y36) 1μl 

2X PCR Emerald mix 10μl 

Sterile distilled water 7μl 

Total reaction volume 20μl 

Template*: gDNA of each soil isolate.  

Note: Non-template control (NTC) was also included in the process. In the case of an NTC 

reaction mixture includes all the above components except the template. Distilled water (1μl) 

was added instead of the template in the NTC reaction mixture.  

Table 4. 4 16S rRNA gene PCR amplification conditions. 

Steps Temperature (˚C) Time 

Initial denaturation 95 3 min 

Denaturation 95 45 sec 

Annealing 54 30 sec 

Initial extension 72 1 min 30 sec 

Final extension 72 10min 

Store 4 infinite 

 

4.2.2.6 Quantitative effect of pH on phytase activity: 

The soil isolates and Escherichia coli culture were inoculated in 10ml LB broth and incubated 

at 37°C and 180 rpm overnight. 1ml of culture was collected and centrifuged at 10000 rpm, 

30 cycles 
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25°C for 10 minutes. The supernatant was discarded, and the pellets were stored at -20°C. To 

the samples, 0.4ml of B-cell lysis buffer and 5µl of 2% PMSF were added. Each sample was 

freeze-thawed by vortexing for 5 minutes and kept on ice for 2 minutes, for a total time of 15 

minutes. This mixture was centrifuged at 10000 rpm, 4°C for 10 minutes, and the supernatant 

(crude lysate) was collected for enzyme activity analysis at pH 2.5 and pH 5. 

The standard to estimate the released inorganic phosphate was constructed by using potassium 

dihydrogen phosphate (KH2PO4) at concentrations ranging from 0.1 mM to 2 mM (Table 4. 

5). The termination buffer was freshly prepared by adding 5 ml of 100% acetone, 2.5 ml of 5% 

ammonium molybdate, and 2.5 ml of 5N sulfuric acid. 

The determination of statistical significance for differences involved the use of Student's t-tests 

and two-way ANOVA, both conducted using GraphPad Prism 9.0.0 software. The mean values 

were compared at a significant level of 5%. 

Table 4. 5 Reaction setup for KH2PO4 standardization.  

KH2PO4 

concentration 

(mM) 

KH2PO4 

(ml) 

Distilled 

water 

(ml) 

Phytate* 

(ml) 

Distilled 

water 

(ml) 

Incubation 

(Temperature 

and Time) 

Termination 

buffer (ml) 

0.1 0.002 0.048 

0.05 0.4 
37˚C for 30 

min 
0.5 

0.25 0.005 0.045 

0.5 0.010 0.040 

1 0.020 0.030 

1.5 0.030 0.020 

2 0.040 0.010 

50 0.050 - 

Blank - 0.050 

*Phytate stock solution: 44mM. Phytate working solution: 1:50 dilution made from the 44mM 

phytate stock in the buffers (based on pH).  
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The modified Heinonen method was used to estimate the release of inorganic phosphate, which 

was produced due to the phytate degrading activity of soil isolates and phytases at pH 2.5 and 

5. The reaction setup for estimating total inorganic phosphate in the test sample was prepared 

as per the following Table 4. 6. Glycine-HCl (0.1M) and sodium acetate (0.1M) were used as 

buffer systems for pH 2.5 and 5, respectively. 

Table 4. 6 Reaction setup for test samples. 

Components 
Test 

sample 

Substrate 

blank 

Enzyme 

blank 

Combination 

blank 

Substate* (ml) 0.05 

0.05  

(reaction 

buffer# ) 

0.05 
0.05  

(reaction buffer#) 

Enzyme** (ml) 0.05 0.05 

0.05  

(B-cell lysis 

buffer) 

0.05  

(B-cell lysis 

buffer) 

Reaction buffer# (ml) 0.4 

Incubation (Temperature 

and Time) 
37˚C for 30 min 

Termination buffer (ml) 0.5 

*Prepared 1:50 diluted phytate (stock 44mM) in the respective buffer  

#Reaction buffer: pH 2.5 Glycine-HCl buffer and pH 5 Sodium Acetate  

**Enzymes added in test samples and substrate blanks were the supernatant of each sample 

After adding the termination buffer, the reactions were centrifuged at 14000 rpm, 25°C for 5 

minutes. 100µl of the supernatant was added to the 96 well plates and the absorbance was read 

at a wavelength of 400 nm. The readings were taken in duplicates. The concentration of 

inorganic phosphate from the sample reaction was calculated from the standard graph of 

KH2PO4. One unit of phytase activity (U/mL) was defined as the amount of phytase enzyme 
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required to liberate 1 mmol of inorganic phosphate per minute by utilizing sodium phytate as 

the substrate under assay conditions. 

Enzyme activity was measured from the equation: 

 Enzyme Activity(U) =
Product Conc (M)  ×  Reaction Vol (ml)

Enzyme Vol (ml) ×  Time (mins) 

=  
Inorganic phosphate Conc (M) ×  1 ml

0.05 ml ×  30 mins 
 

 

Protein estimation: 

Bovine Serum Albumin (BSA) was used for protein standardization, and the reaction setup was 

prepared as per Table 4. 7. 

Table 4. 7 Reaction setup for BSA standardization. Note: Stock solution of BSA: 10mg/ml. 

BSA Sample (µg/µL) BSA (µl) Distilled water (µl) Total volume (µl) 

Blank - 100 

100 

10 100 - 

8 80 20 

6 60 40 

4 40 60 

2 20 80 

1 10 90 

0.8 8 92 

0.6 6 94 

0.4 4 96 

0.2 2 98 

0.1 1 99 



 

Chapter 4 

Sunandan Divatia School of Science, SVKM’s NMIMS (Deemed-to-be) University   64 

For protein estimation, 2 µl of the test/ standard samples were placed on the nanodrop plate 

and measured for their absorbance. 

4.2.2.7 Full-length PSD 16S rRNA gene amplification and sequencing: 

The full-length 16S rRNA gene primers of the PSD isolate were constructed using its partial 

16S rRNA gene sequence in FASTA format. The partial 16S rRNA gene (Sanger sequencing 

via 515F primers) in FASTA format was used as the input in the Blastn search. The Blastn 

search criteria included Klebsiella variicola (K.variicola) in the inclusion section because, 

according to the analysis of the partial 16S rRNA gene sequence, Klebsiella variicola was the 

closest homolog. The search results included a list of the closest K. variicola strains. The 

sequence was obtained by clicking on its graphics section and extracting the exact sequence. 

In total, 31 sequences were shortlisted to design primers. The details are mentioned in Table 

4. 8. Clustal Omega was used to create a multiple sequence alignment (MSA) of the selected 

16S rRNA K.variicola gene sequences. Based on MSA, the forward primer sequence 

(5'ATCATGGCTCAGATTGAACGC3') and reverse primer sequence (5' 

GGTTCCCCTACGGTTACCTTG3') were designed to amplify the full-length 16S rRNA gene 

sequence. The PCR reaction mixture and conditions were kept the same as mentioned for the 

partial 16S rRNA gene amplification of soil isolates, except for the annealing temperature. 

Here, the annealing temperature was optimized by amplifying the full-length 16S rRNA gene 

of PSD at different temperatures (54 to 60˚C). The amplicons were pulled together into a single 

Eppendorf tube and purified using the NucleoSpin® Gel and PCR Clean-up kit. The amplicon 

of size 1504 bp was expected. The purified PCR amplicon was then subjected to Sanger’s 

sequencing using both forward and reverse primers. 
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Table 4. 8 The details of different Klebsiella variicola strain 16S rRNA gene sequences used 

for designing 16S rRNA primers, to amplify full-length 16S rRNA gene of PSD isolate. 

Sr. 

No. 
Strain Accession I.D. Position 

1 K.variicola strain FDAARGOS CP050958.1 c2690493-2688944 

2 K.variicola strain AHKv CP047360.1 447751-449300 

3 K.variicola strain LEMB11 CP045783.1 3116074-3117623 

4 K.variicola strain WCHKP19 CP028555.2 445167-446716 

5 K.variicola strain NCTC9178 LR588409.1 1695003-1696529 

6 K.variicola strain X39 CP018307.1 c4279692-4278139 

7 K.variicola strain E57-7 CP016344.1 1186214-1187767 

8 K.variicola strain LMG 23571 CP013985.1 1220309-1221862 

9 K.variicola strain KPN1481 CP020847.1 2467130-2468683 

10 K.variicola strain GJ3 CP017289.1 211437-212990 

11 K.variicola strain RHBSTW CP056145.1 451902-453451 

12 K.variicola At-22 CP001891.1 442637-444164 

13 K.variicola strain FDAARGOS_627 CP044050.1 5391785-5393334 

14 K.variicola strain 15WZ CP032354.1 c134599-133050 

15 K.variicola strain WCHKV030666 CP027064.2 466410-467959 

16 K.variicola strain GJ2 CP017849.1 211437-212990 

17 K.variicola strain GJ1 CP017284.1 211437-212990 

18 K.variicola strain DSM 15968 CP010523.2 456048-457601 

19 K.variicola strain DX120E CP009274.2 c5346138-5344585 

20 K.variicola strain AC CHC CP066870.1 c2604084-2602545 

21 K.variicola strain 13450 CP026013.1 444767-446316 

22 K.variicola strain F2R9 CP072130.1 455673-457212 

23 K.variicola strain E25 CP067261.1 453752-455291 

24 K.variicola strain 13450 CP030173.1 479490-481039 

25 K.variicola strain 118 CP048379.1 446643-448192 

26 K.variicola strain FH-1 CP054254.1 454393-455942 

27 K.variicola strain 8917 CP063403.1 c4332360-4330822 

28 K.variicola strain 342 CP000964.1 1223043-1224574 

29 K.variicola strain GN02 CP031061.1 454734-456283 

30 K.variicola strain KPN029 CP065162.1 447598-449137 

31 K.variicola strain KP2757 CP060807.1 c4410622-4409073 
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4.2.2.8 Phytase gene amplification: 

The K.variicola phytase protein sequence was retrieved from the UniProtKB database. The 

criteria used to shortlist the protein sequences: the length of amino acid should be in the range 

of the known phytases i.e., between 400 to 500, and it should possess the conserved regions 

i.e., C-terminal conserved region HD and N-terminal conserved region i.e., RHGXRXP. The 

selected sequence, Klebsiella variicola (Accession I.D.: A0A087FHH8), fulfilled both the 

criteria, and the nucleotide gene sequence was retrieved from the ENA database. This gene 

sequence was used as a template to design full-length as well as mid-length phytase gene 

primers, thereby aiding in the confirmation of the PSD soil isolate phytase gene sequence.  

The gDNA of PSD was extracted using the PureLink® Genomic DNA kit (Cat. No. K182001) 

and was used as a template to amplify full-length and mid-length phytase gene sequences. The 

PCR reaction mixture and conditions are mentioned in Table 4. 9 and Table 4. 10 respectively 

below. The full-length PCR amplicons (approximately 1.4kbp size) were pulled together and 

resolved on 1% low melting agarose. The amplicon was extracted from the gel and purified 

using the NucleoSpin® Gel and PCR Clean-up kit. The purified PCR amplicon was subjected 

to Sanger’s sequencing. The sequencing results were analyzed using BLASTX of NCBI tool 

and Serial Cloner software.  

Table 4. 9 PCR reaction mixture to amplify phytase gene from PSD. 

Components Volume/ reaction 

Template* 1μl 

Forward primer* 1μl 

Reverse primer * 1μl 

2X PCR Emerald mix 15μl 

Sterile distilled water 7μl 

Total reaction volume 25μl 
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Note: Template*: gDNA of PSD.  

Forward primer*:  

For full-length phytase gene amplification: 5'- ATG CCT GCA AGA CAT CAG GG -3' 

For mid-length phytase gene amplification: 5' CAG ACC GAC AAG TTC GCC GC 3' 

Reverse primer * 

For full-length phytase gene amplification: 5'- CGG CAG GAC CAT GGC TAC CG -3' 

For mid-length phytase gene amplification: 5'- TGG GCC ACC AGC AGC AGC CA -3' 

Note: Non-template control (NTC) was also included in the process. In the case of NTC, the 

reaction mixture included all the above components except the template. Distilled water (1μl) 

was added instead of the template in the NTC reaction mixture.     

Table 4. 10 PSD phytase gene PCR amplification conditions 

Steps Temperature (˚C) Time  

Initial denaturation 95 3 min 

Denaturation 95 45 sec 

Annealing  56 to 66 (at intervals of 2˚C) 30 sec 

Initial extension 72 1 min 30 sec 

Final extension  72 10min 

Store 4 infinite 

 

 

 

 

35 cycles 
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4.2.3 Results: 

4.2.3.1 Soil sample collection: 

Soil samples were collected from distinct locations in Maharashtra and Gujarat. The forest soil 

was collected from Ankleshwar (Gujarat); garden soil from Mumbai; paddy areas, oilseeds, 

millets, and pulses fields, poultry fields, and swine fields in Jawhar, Maharashtra; and 

vegetation, millets, and cotton fields in Baruch, Gujarat. Eleven soil samples were collected. 

The sampling procedure followed the prescribed guidelines from the National Agricultural 

Portal of India. Following collection, the soil samples underwent sieving (2mm) to remove any 

unwanted debris or clumps, and the processed samples were stored at a temperature of 4°C. 

4.2.3.2 Enrichment, screening, and isolation of bacteria: 

To enrich phytase-producing microbes, processed soil (1g) was inoculated in PSB. The 

enriched broths were diluted serially, followed by spread plating on phytase screening agar 

plates (PSA). The appearance of a hydrolysis zone around the microbes indicated the release 

of phytase and the subsequent degradation of phytate present in the agar (Figure 4. 3). The 

phytase-producing microbes were isolated and cultured on tryptic soy (TS) to obtain a pure 

culture. 
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Figure 4. 3 Enrichment of following soil samples in PSB for 24hrs to support growth of 

phytase-producing microbes. The enriched soil samples were serially diluted and spread-plated 

on PSA. The PSA plates were observed for 24hrs (day 1), 48hrs (day 2), and day 4 (120hrs) to 

shortlist candidates based on the zone of hydrolysis formed due to phytate degradation. The 

following are the soil samples that were enriched in PSB and plated on PSA. A. Cotton soil; B. 
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Forest soil; C. Garden soil; D. Millet soil; E.Pig sty soil; F. Nachani, G. Oil-seed; H.Rice; I. 

Udad; J. Vegetation soil. 

A total of 6 potential isolates were obtained through enrichment, followed by preliminary 

screening via the phytase plate method. The potential soil isolates, namely FD2, FD5T, and 

FD5O, were screened from forest soil, whereas VD5, CD5, and PSD5TSB were obtained from 

vegetation, cotton, and pig stag soil samples. 

4.2.3.3 Qualitative phytase activity: 

The above-maintained isolates and E.coli culture were spot plated on PSA and incubated for 

96-hr. The two-step counter-staining method was adopted, which included first, the flooding 

of PSA plates with 2% (w/v) cobalt chloride solution (room temperature, 5 min). Next, the 

solution was replaced with a 1:1 v/v mixture of aqueous ammonium molybdate 6.25% (w/v) 

and ammonium vanadate solutions 0.42% (w/v) for 2 to 3 min. The area of the zone of 

hydrolysis was cleared and failed to regain turbidity, which indicated that these were positive 

isolates (Figure 4. 4). The two-step counterstaining method helped to eliminate false-positive 

results. The diameter of the zone of hydrolysis produced by each isolate was compared to that 

of E. coli as a reference. The qualitative analysis was performed in duplicate.  

 

Figure 4. 4 The two-step counterstaining method used to confirm the ability of potential 

phytase producers (i.e., FD2, FD5T, FD5O, PSD, CD5, and VD5) from different soil samples 

to degrade phytate and additionally eliminate false positive results. Note: E. coli was used as a 

positive control.   

The diameter of the zone of hydrolysis of isolates ranged from 8-14mm, which was close to 

that of E. coli (13mm) (Table 4. 11). The zone of hydrolysis of PSD (14mm) was slightly 

higher than that of E. coli (13mm). This suggests that the isolates, including PSD, possessed 

hydrolytic activity like E. coli, indicating their potential ability to break down phytate.  
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Table 4. 11 Measurement of the zone of hydrolysis produced by potential soil isolates. 

Soil isolates Diameter of zone of hydrolysis (mm) 

FD2 11 

FD5T 10 

FD5O 12 

PSD 14 

VD5 8 

CD5 9 

E.coli 13 

4.2.3.4 Molecular identification of bacterial isolates: 

The PureLink® Genomic DNA kit was utilized to isolate gDNA from pure soil isolates by 

following the manufacturer’s protocol. The isolated gDNA was resolved on a 1% agarose gel 

to check for its integrity (Figure 4. 5). The concentration of gDNA extracted from potential 

isolates ranged from 9-140 ng μL–1 (Table 4. 12). The highest concentration of gDNA was 

extracted from the PSD soil isolate. 

Table 4. 12 Concentration and quality estimation of gDNA isolated from different soil isolates 

and E. coli. 

Sample A260/A280 Concentration of gDNA (ng/µl) 

E. coli 1.9 139.534 

FD5T 1.985 19.773 

PSD 1.507 140.446 

CD5 1.847 85.607 

FD5O 1.517 9.053 

FD2 1.914 12.349 

VD5 1.946 112.757 
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Figure 4. 5 Isolation of gDNA from soil isolates and E.coli (used as control) by using the 

PureLink® Genomic DNA kit.  

The isolated gDNA was utilized to amplify the 16S rRNA gene using the 515F and Y36 

universal primers. The amplicon of 1kbp was observed on a 1% agarose gel (Figure 4. 6) and 

sequenced via Sanger sequencing. The sequencing data were analyzed via NCBI Blastn to 

identify the closest homologs of these isolates (Table 4. 13). MEGA7 software was used to 

construct the maximum likelihood (Figure 4. 7) and neighbor-joining (Figure 4. 8) 

phylogenetic trees, which represented the relationship between the isolates and their closest 

homologs. The analysis revealed that isolates VD5 and CD5 were closely related to 

Enterobacter cloacae, FD5T was closely related to Paenibacillus sp., whereas FD5O and FD2 

were closely related to Priestia megaterium, and PSD was closely related to Klebsiella 

variicola (Table 4. 13). 
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Figure 4. 6 16S rRNA gene amplification of soil isolates (FD2, FD5O, FD5T). NTC: negative 

control; E.coli: positive control. 

Table 4. 13 Blastn analysis of 16S rRNA gene of soil isolates 

Soil isolates Close homolog according to Blastn analysis 
Percent 

Identity 
Accession 

PSD 
Klebsiella variicola strain FDAARGOS_628 

chromosome 
99.40 CP050958.1 

VD5 
Enterobacter cloacae strain CBG15936 

chromosome, complete genome 
99.20 CP046116.1 

CD5 
Enterobacter cloacae strain CBG15936 

chromosome, complete genome 
99.60 CP046116.1 

FD5T 
Paenibacillus sp. strain UFPI-57C 16S 

ribosomal RNA gene, partial sequence 
98.37 MK681944.1 

FD5O and 

FD2 

Priestia megaterium strain FDU301 

chromosome, complete genome 
100 CP045272.1 
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Figure 4. 7 The Maximum Likelihood method (Jukes-Cantor model, 1000 bootstrap) was used 

to represent the evolutionary history of the soil isolates and closet homologs.   

  

 

Figure 4. 8 The Neighbor-Joining method (Jukes-Cantor model, 1000 bootstrap) was used to 

represent the evolutionary history of the soil isolates and closet homologs.   

In summary, the PureLink® Genomic DNA kit was used to extract gDNA from soil isolates, 

and subsequent analysis of the 16S rRNA gene revealed the closest homologs for each isolate. 

This information was further visualized through a phylogenetic tree, highlighting the 

relationships between the isolates and their closest known species. 
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4.2.3.5 Quantitative effect of pH on phytase activity: 

The phytase activity of isolates at different pH values was estimated at pH 2.5 and 5. The B-

cell lysis buffer and freeze-thaw method were used to prepare cell lysate. Phenylmethylsulfonyl 

fluoride (PMSF) was added during the lysis process to inhibit protease activity. The prepared 

lysate was centrifuged to remove debris. The reaction mixture consisted of crude extract and 

substrate sodium phytate. The mixture was incubated at 37˚C for 30 minutes. The released 

phosphate from the hydrolysis process was measured using the ammonium molybdate method 

(modified Heinonen method).  

Bovine serum albumin (0.2 to 10 μg μL–1) was used as a standard to measure total protein ( 

Figure 4. 9). KH2PO4 (0.1 mM to 2 mM) was used as a standard to measure phytase activity ( 

Figure 4. 10) (Figure 4. 11). The phytase activity of soil isolates ranged from 0.012 to 0.043 

U/ml (Figure 4. 12). The shortlisted soil isolates exhibited optimum activity at pH 5. The 

findings suggest that these isolates could potentially be used for applications that require 

phytate degradation, such as in animal feed or soil amendment. 

 

Figure 4. 9 Bovine Serum Albumin (BSA) standard curve. 

 

Figure 4. 10 KH2PO4 Standard curve at pH 2.5. 
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Figure 4. 11 KH2PO4 Standard curve at pH 5. 

 

Figure 4. 12 The specific activity of phytase was compared among various samples (FD5T, 

FD2, FD5O, PSD5, VD5, CD5) at both pH 2.5 and pH 5, using wildtype E. coli BL21 (DE3) 

phytase as the positive control. The results are presented as mean ± standard error (U/mL). To 

determine statistical significance, Student’s t-test and two-way ANOVA were applied, setting 

the significance level at p ≤ 0.05. The letters are used to represent significant differences in 
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mean activity between each soil isolate at pH 2.5 and pH 5, as well as differences across the 

various soil isolates at their respective pH levels.  

4.2.3.6 Full-length 16 S rRNA gene sequencing: 

PSD was shortlisted based on preliminary screening of phytase-producing microbes from the 

soil via qualitative (phytase plate assay) and quantitative (phytase activity assay) methods. The 

full-length 16S rRNA gene of PSD was amplified at different annealing temperatures (Figure 

4. 13). The amplicons were pooled together and purified (Figure 4. 13). This PCR amplicon 

was sequenced with both forward and reverse primers, which revealed its closest evolutionary 

relation to Klebsiella variicola (Table 4. 14).  

  

Figure 4. 13 A. Full-length PSD 16S rRNA gene PCR amplicons at different annealing 

temperatures. B. Purified 16S rRNA gene PCR amplicon used for Sanger’s Sequencing. 
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Table 4. 14 BLASTn analysis of 16S rRNA full-length gene. 

Input for BLASTn Closet homolog 
Query 

cover 

Percent 

Identity (%) 

Accession 

I.D. 

16S rRNA gene 

sequenced using 

forward primer Klebsiella variicola 

strain FDAARGOS 
100% 

98.72 

CP050958.1 

16S rRNA gene 

sequenced using 

reverse primer 

100 

 

4.2.3.7 PSD phytase gene amplification: 

The phytase sequence of Klebsiella variicola PSD was obtained from UniProtKB. Two sets of 

primers were designed: full-length primers, which targeted the whole phytase gene, and mid-

length primers, which targeted the conserved region of the phytase gene. The gel-purified PCR 

amplicon (approximately 1.4 kbp) was sequenced to confirm the amplified phytase gene 

sequence (Figure 4. 14). 

The BLASTX (Figure 4. 15) and multiple sequence alignment in serial cloner software 

(K.variicola phytase gene which was used for phytase gene primer sequencing aligned with 

Sanger’s sequenced PSD phytase gene) analysis confirmed the presence of phytase gene in 

PSD isolate (Figure 4. 16). The presence of an N-terminal conserved region (RHGIRPP) in 

the sequence indicated that it belongs to the Histidine acid phytase group. 

 

https://www.ncbi.nlm.nih.gov/nucleotide/CP050958.1?report=genbank&log$=nucltop&blast_rank=4&RID=BRKEW01G01N
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Figure 4. 14 A. PSD full-length and mid-length phytase gene amplification at different 

annealing temperatures(˚C). NTC: non-template control/negative control. B. Gel-purified PSD 

phytase gene PCR amplicon used for Sanger’s sequencing.    

 

Figure 4. 15 BLASTX analysis of full-length PSD phytase gene sequence.  
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Figure 4. 16 A. Snippet of the PSD phytase gene electrogram: The red highlighted nucleotide 

sequence codes for the conserved N-terminal ‘RHGIRPP’ protein sequence. The presence of 

this sequence confirms the presence of the phytase gene in PSD. B. Snippet of the alignment 

constructed in Serial cloner: Seq_1: Nucleotide sequence of Klebsiella variicola which was 

used for primer designing aligned with the Seq_2: Sanger’s sequenced PSD full-length phytase 

gene. The PSD full-length phytase gene exhibited the presence of a conserved N-terminal 

‘RHGIRPP’ protein sequence (Highlighted in red). 

4.3 Metagenomics: 

4.3.1 Introduction: 

This approach aims to identify bacterial diversity in soil samples via 16S rRNA metagenomics 

and identify new phytase producers (Figure 4. 17). 

 

Figure 4. 17 Overview of bioprospecting of potential phytase producer via metagenomics 

approach.  
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4.3.2 Materials and Methods: 

4.3.2.1 Materials (Chemicals, kits, reagents, solutions, plasticware): 

Garden soil (Maharashtra, Mumbai), sterile Falcon (50 and 15ml), motor and pestle, 2mm 

Sieve, all chemicals were procured from either Sigma-Aldrich, MP Biomedicals, Loba Chemie, 

MolyChem., Invitrogen PureLink™ Genomic DNA kit (Cat. No. K182001), sterile glass beads 

(2.5mm size), HiPura soil DNA extraction kit, DNeasy Powersoil kit, gel electrophoresis, 

Biotek Epoc microplate spectrophotometer, MiBiome therapeutic India PVT Ltd Illumina 

sequencing, HP laptop windows 10 64 bit (intel core i5 72000 CPU @ windows host, Oracle 

Virtual Box (v. 6.1.22), QIIME2 platform, Hexatech shaker.  

4.3.2.2 Collection of soil sample:  

The aim was to collect topsoil samples as they were rich in humus, i.e., nutrients that supported 

the growth of microflora and plant growth. To optimize the protocol of soil DNA extraction, 

garden soil was selected. The garden soil sample (at a depth of 3cm) was collected in a labeled 

sterile 50ml Falcon tube with the help of a sterile spatula. Three spots (3m apart) from the same 

field were selected. All samples were thoroughly mixed and sieved with the help of a 0.22mm 

mesh. The sieved soil sample, which was free of lumps and litter, was stored at -20˚C. 

4.3.2.3 Processing of Soil Sample: 

The sieved soil sample was divided into two parts. One part was subjected to the liquid nitrogen 

grinding process, and the other was directly taken for the total soil gDNA extraction protocol. 

To process the soil sample with liquid nitrogen, the motor and pestle were first cleaned with 

100% ethanol. 10g of the soil sample plus liquid nitrogen (added as per needed) was ground 

together in the cleaned motor and pestle. The grinding process continued until the soil turned 

into a fine powder. This finely grounded soil sample was labeled as S1. The S1 soil sample 

was used for all the extraction protocols mentioned below.  

The other part of the soil sample (10g) was also ground in the motor and pestle to obtain a 

finely grounded soil sample (S2). The S2 soil sample was used for the total soil gDNA 

extraction protocols mentioned below. Please note that in this direct method, liquid nitrogen 

was not added to the soil sample while processing it. 
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4.3.2.4 Total soil gDNA extraction protocol: 

The overview of the total soil gDNA extraction protocol is represented in Figure 4. 18. A total 

of 8 different extraction protocols were optimized to obtain a high yield and high quality of 

total soil gDNA from S1 and S2 soil samples. 

 

Figure 4. 18 Overview of total soil gDNA extraction protocol.  

Method1: PEG method: 

In this method, the soil sample (1 gm) was mixed with 10 ml of DNA extraction buffer 1 (120 

mM Na2HPO4 + 5% SDS (w/v) + 0.1 g PVPP) in a sterile 50 ml falcon tube. The mixture was 

exposed to heat treatment at 65°C for 1 hour in a water bath. After that, the mixture was 

centrifuged at 7000 x g for 10 minutes at 4°C. The supernatant was collected and used for the 

next step. Next, ½ volume of 50% PEG (6000) and 1 volume of 0.6M NaCl were added to the 

supernatant. This mixture was gently mixed about 3-4 times by slowly inverting the tubes. 

Then, 1 volume of Chloroform: isoamyl alcohol (24:1) was added to the homogenous mixture. 

It was centrifuged at 13,000 x g for 10 minutes at 4°C, and the supernatant was collected. To 

the supernatant, 1/10th volume of 3M sodium acetate (pH 5.2) followed by 2 volumes of 100% 
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chilled ethanol were added. The resultant mixture was gently mixed by inverting the tubes 

about 3-4 times and incubated at -20°C (overnight). After the overnight incubation, the mixture 

was centrifuged at 13,000 x g for 10 minutes at 4°C. The supernatant was discarded, and the 

pellet was air-dried for 15-20 minutes followed by resuspension of the pellet in 100 μl of T10E1 

buffer. 

Method 2: Phenol:Chloroform: Isoamyl alcohol (PCI) method 

In this method, the initial soil sample processing steps, i.e., mixing the soil sample with 

extraction buffer followed by heat treatment and collection of supernatants, remained the same 

as in the first method, i.e., the PEG method. The collected supernatant was subjected to an 

equal volume of Phenol:Chloroform: Isoamyl alcohol (25:24:1). The resultant mixture was 

gently mixed by inverting the tubes 3-4 times, followed by centrifugation (13,000 x g for 10 

minutes at 4 °C). The aqueous layer was collected, followed by the addition of 2 volumes of 

chilled ethanol and 1/10th volume of 3M sodium acetate (pH 5.2). The mixture was gently 

mixed and incubated overnight. The overnight mixture was centrifuged (13,000 x g for 10 

minutes at 4 °C), and the supernatant was discarded. The pellet was air-dried to remove ethanol 

and then resuspended with 100μl of T10E1 buffer. 

Method 3: 

This method consisted of three sub-methods (3a,3b, and 3c). There are a few common steps 

that were applied for all three sub-methods:  

1 g of soil sample was suspended in 5 mL of 120 mM Phosphate Buffer Saline (PBS, pH 7.4). 

The mixture was mixed thoroughly on a Hexatech shaker (150 rpm for 10 min at 4 °C) followed 

by centrifugation at 7,000 x g for 10 min at 4 °C. The supernatant was discarded, and the pellet 

was washed with PBS. It was again centrifuged at 7,000 x g for 10 min at 4 °C. The pellet was 

resuspended in 10 mL of DNA extraction buffer 2 (0.1 M Tris-HCl (pH 8.0) + 0.2 M EDTA 

(pH 8.0) + 10% SDS + 0.2 M Mannitol+ 1 M NaCl + 2% CTAB), followed by incubation at 

65 °C for 1 h. This soil suspension was then used for methods 3a, 3b, and 3c. 

Method 3a: Mannitol-PBS-PEG/NaCl 

The soil suspension was centrifuged at 8,000 x g for 10 minutes at 4 °C, and the supernatant 

was collected. PEG (50%) in ½ volume, plus 1 volume of 0.6 M NaCl, was added to the 

supernatant. This mixture was incubated at 4°C overnight and then centrifuged at 13,000 x g 

for 10 minutes at 4°C. The supernatant was discarded, and the pellet was resuspended in a 3 
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ml TE buffer. The resuspended pellet was then processed as per method 2, i.e., the PCI method, 

right from the addition of the PCI reagent to the resuspension of the pellet in the elution buffer. 

Method 3b: Mannitol-PBS-PCI: 

In this method, the soil suspension was first centrifuged at 7000 x g for 10 minutes at 4°C. The 

supernatant was collected and processed as per the protocol mentioned in Method 2, i.e., the 

PCI method (right from the addition of PCI reagent to the resuspension of the pellet in the 

elution buffer). 

Method 3c: Mannitol-PBS-CTAB: 

The soil suspension was centrifuged at 7,000 x g for 10 minutes at 4 °C. The supernatant was 

collected, and 50 µl of 1 M NaCl plus 50 µl of 10% CTAB (prepared in 0.6 M NaCl) were 

added to it. This mixture was incubated for 15 minutes at 4°C. The resultant mixture was then 

processed following the steps given in method 2, i.e., starting from the addition of PCI to the 

resuspension of the pellet in the elution buffer. 

Method 4:  

This method consisted of two sub-methods (4a and 4b). There are a few common steps that 

were applied for these two sub-methods: 

0.5 gm of soil was suspended in 1 ml of the TEN buffer (100 mM Tris-HCl+ 50 mM EDTA+ 

500 mM NaCl) and vortexed for 1 min. The mixture was centrifuged at 10,000 x g for 10 min 

at RT. The supernatant was decanted, and the pellet was washed with 1 ml of TEN buffer, 

followed by centrifugation at 10,000 x g for 10 min at RT. The supernatant was discarded, and 

the pellet was resuspended in 1 ml of TEN (supplied with 0.2 mg lysozyme). The mixture was 

incubated for 1 h at 37˚C, followed by 10 min on ice and then 20 min at 65˚C. After serial 

incubations at different conditions, 100 µl of 20% SDS was added to the mixture. It was then 

vortexed for 1 min and incubated for 30 min at RT. The supernatant was collected by 

centrifugation at 10,000 x g for 10 min at RT. To this supernatant, 500 µl of 3 M sodium acetate 

was added. This mixture was incubated at 65˚C for 5 min, followed by incubation on ice for 

20 min. This mixture was centrifuged at a maximum of 14,000 x g for 30 min at 4 °C, and the 

supernatant was collected. This supernatant was divided into two parts. One part was treated 

as per the 4a protocol, and the other was treated as per the 4b protocol. 
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Method 4a: TEN + PCI 

The supernatant was processed as per Method 2, i.e., the PCI method, right from the addition 

of the PCI reagent until the addition of the elution buffer. 

Method 4b: TEN + Kit 

In this method, the supernatant was loaded onto the Invitrogen PureLink Genomic DNA mini 

kit spin column. It was then centrifuged at 16,000 x g for 2 minutes at room temperature (RT). 

The flowthrough was discarded. Next, 500 µl of wash buffer 1 was added to the column, 

followed by centrifugation at 16,000 x g for 1 minute at RT. Again, the flowthrough was 

discarded, and 500 µl of wash buffer 2 was added. The column was centrifuged at 16,000 x g 

for 1 minute at RT. The flowthrough was discarded, and a dry spin was given by centrifugation 

at 18,407 x g for 3 minutes at RT. Subsequently, the spin column was placed in a fresh 

Eppendorf tube for the elution step. 50 µl of elution buffer was added to the spin column and 

centrifuged at 18,000 x g for 2 minutes at RT. The extracted gDNA was then stored at -20 °C. 

Method 5: Glass bead method 

1 mg of soil sample was suspended in 400 µl of 50 mM Tris-HCl and 1 mM EDTA. To the 

mixture, sterile glass beads (2.5 mm size) were added and vortexed for 1 min. The sterile beads 

were then separated from the mixture, and 50 µl of lysozyme (10 mg/ml) was added to the 

homogenized soil solution. It was then incubated for 1.5 hours at 37 °C. 250 µl of Guanidine 

Hydrochloride (4 M) was then added to the mixture and mixed gently for 45 seconds. After 

mixing, 300 µl of Sodium Lauryl Sarcosine was added and vortexed for 10 min at 37 °C. This 

was then incubated for 1 hour at 70 °C. After incubation, 300 mg of 0.1 mm zirconia beads 

were added to the mixture and vortexed for 20 min. To this mixture, 15 mg of PVPP was added 

and gently vortexed, followed by centrifugation at 14,000 x g at 4 °C for 5 min. The supernatant 

was collected in a fresh tube, and the pellet was washed with 200 µl of TENP (50 mM Tris-

HCl+ 20 mM EDTA+ 100 mM NaCl+ 1% PVPP), followed by centrifugation at 14,000 x g at 

4 °C for 5 min. Again, the supernatant was collected and mixed with the earlier collected 

supernatant. To this supernatant, 2 volumes of 100% ethanol were added and mixed gently by 

inverting tubes. This was then incubated at room temperature for 5 min, then centrifuged (at 

14,000 x g at 4 °C for 5 min). The supernatant was removed, and the pellet was air-dried for 

15 min. The pellet was then resuspended with 450 µl of PB supplemented with 50 µl of 3 M 

sodium acetate and further incubated at 4 °C for 1 hour. To this mixture, 2 µl each of RNase 
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and Proteinase K were added and incubated for 30 min at 37 °C. After incubation, 50 µl of 

sodium acetate (3 M) and 1 ml of ethanol were added. This was then centrifuged at 14,000 x g 

for 10 min at 4 °C, and the supernatant was decanted while the pellet was washed with 70% 

ice-cold ethanol. The pellet was air-dried and resuspended in 100 µl of TE buffer. 

Method 6:  

This method consisted of two steps: 6a and 6b. These steps are common for both sub-methods: 

First, 1mg of soil sample was suspended in 100 mM sodium phosphate buffer (pH 8) along 

with 1mg of lysozyme solution. The mixture was incubated at 37 °C for 2 hours, followed by 

the addition of 1 ml of SDS solution. The mixture was thoroughly mixed and then incubated at 

room temperature for 5 minutes and later on ice for 2 minutes. It was then incubated at 65 °C 

for 20 minutes and quickly incubated on ice for 2 minutes. 

To this mixture, 1 ml of 3M sodium acetate was added and vortexed vigorously. The mixture 

was then centrifuged at 6,000 x g for 10 minutes, and the supernatant was collected. This 

supernatant was divided into two parts and processed as per methods 6a and 6b. 

Method 6a: Sodium phosphate + PCI 

The collected supernatant was processed as per method 2, i.e., the PCI method (right from PCI 

addition to the elution).  

Method 6b: Sodium phosphate + Ethanol 

To the collected supernatant, an equal volume of ethanol was added and centrifuged at 14,000 

x g for 10 minutes at 4°C. The supernatant was decanted, and the pellet was air-dried, followed 

by resuspension in 100 µl of TE buffer. 

Method 7: HiPura soil DNA kit 

The HiPura soil DNA kit was utilized to extract total soil gDNA from garden soil. We followed 

the manufacturer's protocol to yield high-quality total soil gDNA. Here, the protocol is 

explained briefly: This method consists of three major steps: cell lysis, removal of inhibitors, 

and purification plus elution. 

a. Cell lysis step: 

A 250mg soil sample was used for the extraction procedure. The lysis of microbial cells present 

in the soil sample was conducted by combining bead beating and soil lysis solution (SL), along 
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with vigorous vortexing for 10 minutes. The mixture was then centrifuged at 13,000 x g for 1 

minute, and the supernatant was collected. 

b. Inhibitors removal: 

Adding the Inhibitor Removal Solution (IRSH) to the collected supernatant, we subjected it to 

centrifugation at 10,000 x g for 1 minute. The collected supernatant was subjected to the elution 

process.  

c. Purification and elution: 

The supernatant was passed through the spin column and purified using binding and wash 

buffers. The total soil gDNA was eluted by using an elution buffer  

Method 8: Dneasy Power Soil  

250mg of soil was processed using the DNeasy Powersoil kit by using the manufacturer's 

protocol. Cell lysis, inhibitor removal, purification, and elution steps were performed using 

respective buffers to obtain total soil gDNA.  

a. Cell lysis buffer: 

Cell lysis was performed by using both the mechanical (using bead beating method) and 

chemical lysis (cell lysis buffer) process. The supernatant was collected by centrifuging the 

mixture 10,000 x g for 30 seconds.  

b. Inhibitor removal: 

The inhibitor removal solution was added to the above supernatant. This helped to remove 

inhibitors present in the sample. Note: The solution should be transparent. 

c. Purification and elution: 

The above mixture was then subjected to purification using the spin column method, along 

with buffers such as binding and washing buffers. Finally, the total soil gDNA was extracted 

using an elution buffer.  

Storage conditions: 

The extracted total soil gDNA from all methods was stored at -20 ˚C until further use.   
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4.3.2.5 Assessing quality and quantity of the extracted total soil gDNA: 

The integrity of the total soil gDNA extracted from different methods was checked by resolving 

it on a 0.8% Agarose gel (Tank buffer: 1X TAE). A mixture of 5 µl of the extracted DNA + 2 

µl of 6x gel loading dye was loaded on the gel. The ladders used were a 1 kbp ladder and 

lambda DNA HindIII digest. The gel image was visualized using the Gel Documentation 

system and Image Lab software. 

The BioTek Epoch Microplate spectrophotometer was used to estimate the quantity and quality 

of the total soil gDNA. 2 µl of each sample and their respective elution buffers were loaded on 

the Take-3 plate (Note: clean the Take3 plate with distilled water before use). The results were 

analyzed using Gen 5 Software. The quantity was measured in ng/μl, and the quality was 

assessed using A260/A280 and A260/A230 ratios. 

4.3.2.6 Next-generation sequencing using Illumina Miseq: 

The sequencing procedure was performed at MiBiome Therapeutic India Pvt Ltd, Mumbai. 

The PSD soil sample (isolated in the 4.2.2.5 section) was subjected to NGS sequencing using 

Illumina Miseq (Illumina, San Diego, CA). The PCR amplification of bacterial 16S rRNA 

hypervariable region V3-V4 was carried out using primers 

Forward(5'TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWG

CAG) and Reverse 

(5'GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAAT

CC). Briefly, 12.5ng DNA was subjected to 16S V3-V4 PCR using the above primers, and the 

PCR products bead purified and subjected to another round of PCR with dual indices and 

adapters to generate the libraries. The cleaned libraries were quantitated on a Qubit 

fluorometer. The library was diluted to 4 nM, spiked with 20% PhiX premade library from 

Illumina, and loaded on a MiSeq v3 kit. Sequencing was performed for 2X300 cycles. 

4.3.2.7 Hardware and software requirements: 

The sequencing raw data was obtained, and all the sequence analysis studies described herein 

were performed at SDSOS, NMIMS University, Mumbai on an HP laptop (Intel® Core™ i5-

7200U CPU @ 2.50 GHz, RAM 16 GB) running Windows 10 64-bit Home Basic Operating 

System. To run QIIME2 on a Windows host, Oracle VM VirtualBox (Version 6.1.22) was 

installed followed by importing and installing QIIME2™ (Version 2021.2). 
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4.3.2.8 Taxonomic assessment using QIIME2™: 

The demultiplexed paired-end V3-V4 sequenced data was obtained in Casava One Eight Single 

Lane Per Sample format. 

● This data was imported into the QIIME2™ pipeline using the following command line: 

qiime tools import \ 

  --type 'SampleData[PairedEndSequencesWithQuality]' \ 

  --input-path file_path \ 

  --input-format CasavaOneEightSingleLanePerSampleDirFmt \ 

  --output-path demux-paired-end.qza 

qiime demux summarize \ 

  --i-data demux-paired-end.qza \ 

  --o-visualization demux.qzv 

The (.qza) files are QIIME2™ artifacts, which can be visualised after converting them into a 

(.qzv) file. 

● The forward and reverse reads were joined using “vsearch” using the following 

command line: 

qiime vsearch join-pairs \ 

  --i-demultiplexed-seqs demux.qza \ 

  --o-joined-sequences demux-joined.qza 

qiime demux summarize \ 

  --i-data demux-joined.qza \ 

  --o-visualization demux-joined.qzv 

● The quality control of sequences was carried out to discard low quality reads using the 

following command line: 

qiime quality-filter q-score-joined \ 

  --i-demux demux-joined.qza \ 

  --o-filtered-sequences demux-joined-filtered.qza \ 
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  --o-filter-stats demux-joined-filter-stats.qza 

 

● The next denoising step was carried out using “Deblur” and the sequences were 

trimmed resulting in 300 nucleotide sequences since best quality reads (Q Phred 

score>30) were observed up to 300bp using the following command line: 

qiime deblur denoise-16S \ 

  --i-demultiplexed-seqs demux-joined-filtered.qza \ 

  --p-trim-length 300 \ 

  --p-sample-stats \ 

  --o-representative-sequences rep-seqs.qza \s 

  --o-table table.qza \ 

  --o-stats deblur-stats.qza 

qiime feature-table summarize \ 

  --i-table table.qza \ 

  --o-visualization table.qzv 

--m-sample-metadata-file NGSmetadata-Sheet1.csv 

qiime feature-table tabulate-seqs \ 

  --i-data rep-seqs.qza \ 

  --o-visualization rep-seqs.qzv 

 

• The resulting outputs i.e., table.qza (Feature table (frequency)) and rep-seqs.qza 

(Feature data sequences) are important outputs, which were used for further down 

processing. The result of both of these methods will be a FeatureTable[Frequency] 

QIIME2™ artifact, which contains counts (frequencies) of each unique sequence in each 

sample in the dataset, and a FeatureData[Sequence] QIIME2™ artifact that maps feature 

identifiers in the FeatureTable to the sequences they represent. 
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• The taxonomy assessment of the sequences was carried out using the Naive Bayes 

classifier trained against the GreenGenes (13-8-99 version) database using the 

following command line: 

qiime feature-classifier classify-sklearn \ 

  --i-classifier gg-13-8-99-nb-classifier.qza \ 

  --i-reads rep-seqs.qza \ 

  --o-classification taxonomy.qza 

qiime metadata tabulate \ 

  --m-input-file taxonomy.qza \ 

  --o-visualization taxonomy.qzv 

• The taxonomic composition of samples with interactive bar plots was viewed using 

following commands: 

qiime taxa barplot 

 --i-table table-deblur.qza  

 --i-taxonomy taxonomy.qza  

 --m-metadata-file Final-metadata-NGS.tsv  

 --o-visualization taxa-bar-plots.qzv 

 

• The data was exported, and family-level and genus-level taxonomic plots were 

constructed to visualize the sample microbial distribution at the respective levels. 

4.3.3 Results: 

4.3.3.1 Soil DNA extraction: 

Different conventional as well as extraction kits were used to obtain a high yield of total soil 

DNA. A total of 8 different methods were optimized. The integrity of total soil DNA extracted 

from different methods was assessed by resolving it on a 0.8% agarose gel (Figure 4. 19). The 

purity and yield of DNA were analyzed using a BioTek Epoch Microplate spectrophotometer. 

The total soil DNA extracted from different methods ranged from 14.8 to 9217.8 ng/μl (Table 
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4. 15). The purity was measured at A260/A280 and A260/A230, with A260/A280 ranging from 1.4 to 

3, and A260/A230 ranging from 0.023 to 1.789. 

The soil DNA kit-based methods, i.e., HiPura soil DNA kit and Dneasy Power soil DNA kit, 

helped to obtain the best quality of total soil DNA (A260/A280: 1.8) compared to the 

conventional method (Kamble Asmita & Singh Harinder, 2020) (A. Kamble et al., 2020).   

    

                     

Figure 4. 19 The total soil gDNA extracted from: A. Method 1 to Method 3c; B. Method 4a to 

Method 6b. C. Method 7; D. Method 8. 
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Table 4. 15 Total soil gDNA quantification by using BioTek Epoch Microplate 

spectrophotometer 

Sample ng/μl A260/A280 A260/A230 

Method 1 S1 9217.8 1.438 0.534 

Method 1 S2 6380.6 1.487 0.482 

Method 2 S1 4277.8 1.478 0.577 

Method 2 S2 6003.4 1.46 0.616 

Method 3a S1 3704.6 1.534 1.174 

Method 3a S2 5767.7 1.458 1.416 

Method 3b S1 6576.6 1.516 0.711 

Method 3b S2 2814 1.515 0.627 

Method 3c S1 4298 1.472 0.626 

Method 3c S2 4601.7 1.507 0.677 

Method 4a S1 856.3 1.19 0.689 

Method 4a S2 681.2 1.442 0.745 

Method 4b S1 34.1 2.33 0.048 

Method 4b S2 14.8 3 0.023 

Method 5a S1 104 2.33 0.184 

Method 5a S2 563.8 1.468 0.649 

Method 6a S1 616.9 1.732 0.691 

Method 6a S2 1825.8 1.604 1.433 

Method 6b S1 1567.5 1.699 1.427 

Method 6b S2 453.1 1.561 1.391 

Method 7 S2 11.045 1.851 1.052 

Method 8 S2 19.608 1.87 1.789 
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4.3.3.2 16S rRNA gene metagenomics: 

Pig stag soil was used for metagenomics studies. The total soil DNA was extracted using the 

DNeasy Powersoil kit. The total pig stag soil gDNA was then subjected to 16S rRNA 

metagenomic sequencing. The QIIME2 platform was used to analyze metagenomics data. The 

analysis revealed family-level distribution and genus-level distribution (Figure 4. 20). Among 

the family-level distributions, the Xanthomonadaceae family seems to be an interesting group, 

based on literature studies, which can be further explored for novel phytases. 

 

 

Figure 4. 20 Stacked bar graph depicting the Family-level distribution and Genus-level 

distribution of bacterial diversity present in pig sty soil sample. The Xanthomonadaceae family 

can be further explored as a potential phytase producer. 
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4.4 In-silico Bioprospecting: 

4.4.1 Introduction: 

The in-silico bioprospecting approach involved three major steps: exploring the database, 

removing redundancy, and conducting phylogenetic analysis (Figure 4. 21). Databases were 

explored based on certain criteria listed in the 'Materials and Methods section. 

 

Figure 4. 21 Overview of in-silico bioprospecting methodology 

4.4.2 Materials and Methods: 

Dell Laptop Windows 10 64-it (Intel core i3), MEGA software v.7, Clustal Omega, Databases: 

NCBI, ScanProsite, UniProtKB, HHMER, JGI-metagenome.  

4.4.2.1 Common steps for all In-silico bioprospecting methods 

1. The well-characterized phytases were used as probe/ reference sequences. These were 

the probes/ reference sequences: Buttiauxella sp. GC21 (ABX80238.1), Escherichia 

coli (AMH85921.1), Klebsiella pneumoniae (BBE68239.1), Citrobacter braakii 

(AAS45884.1), Hafnia alvei (EHM46937.1), and Yersinia pestis (ABU98780.1). These 

sequences were excluded from the list which was obtained from each database.   

2. The sequences that exhibited 50-80% identical to the reference sequences were selected 

for further processing.  
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3. Removal of redundancy by using CD-Hit: All sequences that fulfilled the criteria 

(mentioned in each method below) were combined in one single file and subjected to 

CD-Hit (default parameters). This resulted in the list of sequences that were then used 

for constructing phylogenetic trees.  

4. Neighbor-joining phylogenetic tree construction: The list of sequences obtained from 

CD-Hit, along with the probes/reference sequences, was used as the input for MEGA 

7.0 software. The MUSCLE tool, which is embedded in MEGA 7.0 software, was used 

to form a multiple sequence alignment (MSA) of all CD-Hit sequences, along with the 

references/probe phytase sequences. The MSA was used to construct a neighbor-

joining phylogenetic tree by using MEGA 7.0 software (1000 bootstrap, Poisson 

method).  

4.4.2.2 NCBI-probe method 

1. Probe selection: The well-characterized phytase sequences of experimentally 

characterized phytases were used as probes (details mentioned in 4.4.2.1).  

2. BLASTp search: Each probe sequence was used as input for a BLASTp search. We 

selected the database 'non-redundant protein sequences' (nr) and excluded probes from 

the organism list. All other parameters were kept as default. From the displayed list, 

candidates that were 50-80% identical to each probe were selected.  

3. CD- Hit and phylogenetic tree construction as mentioned in ‘4.4.2.1’.   

4.4.2.3 NCBI-keyword method 

1. Keyword search: the NCBI protein database was explored based on the keyword 

‘Histidine acid phytase and Enterobacterales’. The phytases belonging to the reference 

genera were excluded from the list. This list was used as input for CD-Hit.  

2. CD- Hit and phylogenetic tree construction as mentioned in ‘4.4.2.1’.    

4.4.2.4 ScanProsite method 

1. The combination of motifs was added: PS00616 (LerVviVsRHGvRaP) and PS00778 

(LlFIaGHDTNLanLsgA).  

2. Selection of database: UniProtKB and bacterial taxonomy are selected in the ‘filters’ 

section.  

3. Output selection: Only complete sequences were retrieved. These sequences were 

used as input for CD-Hit 
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4. CD- Hit and phylogenetic tree construction as mentioned in ‘4.4.2.1’.    

4.4.2.5 UniProtKB method 

1. The filters were added in the ‘Advanced search option’ of the UniProtKB database:  

Enzyme classification: 3.1.3.8 

Taxonomy: 9606 (Human) and 4751 (Fungi) were excluded by selecting ‘NOT’ from 

the drop-down list. 

Protein name: 3-phytase 

The same search criteria were used for 3.1.3.26 i.e., 4-phytase. 

2. The list of sequences was further filtered out through the UniProtKB option panel based 

on length (400-600bp).  

3. 3-phytase and 4-phytase sequences were combined and used as input for Clustal 

Omega.  

4. Multiple sequence alignment by using Clustal Omega: The sequences that exhibited the 

conserved regions, RHGXRXP and HDTN, were selected and used as input.  

5. The above list of sequences was used as input for CD-Hit. 

6. CD- Hit and phylogenetic tree construction as mentioned in ‘4.4.2.1’.    

4.4.2.6 Conserved domain database (CDD) 

1. The CDD was explored based on the keyword: Histidine acid phytase. 

2. Two options were explored: PRK10172 and His_Phos_2. 

3. Each option had two sub-options: representative and specific protein sequences.  

4. We clicked on ‘representative’ and ‘specific protein’ (one at a time) which directed us 

to the NCBI protein database. We selected ‘Bacteria’ from the ‘species’ list. 

5. Downloaded all sequences which fulfilled the above criteria and were used as input for 

CD-Hit. 

6. CD- Hit and phylogenetic tree construction as mentioned in ‘4.4.2.1’.    

4.4.2.7 HMMER 

1. The probes (mentioned in section 4.4.2.1) were used as input sequences.  

2. These sequences were used to explore the database: ne_bac70_15. The following 

parameters were set: MSA enrichment iterations using Hhblits: 1, Evalue cutoff for 

reporting: 1e-3, Max target hits: 250, Maximal Sequence Identity (%): 90, Min seq 

identity of MSA hits with query (%): 30, Minimal coverage with the query (%): 90. 
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3. The list of sequences that fulfilled the above criteria was used as input for CD-Hit. 

4. CD- Hit and phylogenetic tree construction as mentioned in ‘4.4.2.1’.    

4.4.2.8 JGI-metagenome 

1. In the JGI-metagenome database: first, the function tab was selected. In the function 

tab, the keyword: pfam00328 was searched.  

2. In addition to the above criteria, the filters used were: Pfam, sequencing status: 

Finished, Domain: Metagenome, and selected metagenome: 257.  

3. Function selected: pfam00328: His_Phos_2- Histidine phosphatase superfamily 

(branch2). 

4. 563 genes were present in pfam00328. It was clicked. 

5. This list was filtered by using the Gene-product name: 3-phytase/4-phytase. 

6. All sequences were downloaded. This was used as input for CD-Hit. 

7. CD- Hit and phylogenetic tree construction as mentioned in ‘4.4.2.1’.    

4.4.2.9 Final list of potential candidates:  

1. All shortlisted candidates from all In-silico bioprospecting methods were listed down. 

2. The candidates who appeared in more than 1 method were selected. 

3. The genera of each candidate were searched on the UniprotKB database by using the 

keyword ‘genera name (depends upon the genera of interest) phytase’ e.g., Pantoea 

phytase.  

4. This list was refined based on the length of the amino acid sequence: 400-600 and the 

presence of conserved residue ‘RHGXRXP’ and ‘HD’.  

5. The presence of conserved residues was also confirmed by multiple sequence alignment 

by using the MUSCLE alignment tool embedded in the MEGA 7.0 software.  

6. This MSA was used for phylogenetic construction as mentioned in 4.4.2.1.  

4.4.3 Results: 

4.4.3.1 NCBI-probe method: 

The experimentally characterized phytases from Buttiauxella sp. GC21, Escherichia coli, 

Klebsiella pneumoniae, Citrobacter braakii, Hafnia alvei, and Yersinia pestis were retrieved 

from the NCBI database and used as probes, i.e., input for Blastp search. The sequences that 

were 50-80% identical to the probes were shortlisted. The list of novel candidates was subjected 

to CD-Hit to remove redundancy, and a phylogenetic tree was constructed along with the 
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reference sequences to understand the evolutionary relationship between novel phytases and 

experimentally characterized phytases (Figure 4. 22). The list of potential phytase producers' 

genus bio prospected by using the NCBI-probe method were Kosakonia, Edwardsiella, 

Obesumbacterium, Pantoea, Erwinia, Dickeya, Budvicia, Coxiellaceae, Plesiomonas, 

Candidatus, Shigella, Pectobacterium, Enterobacter, Cronobacter, Serratia, Raoultella. 

 

Figure 4. 22 The Neighbor-Joining method (bootstrap 1000 replicates) was constructed to 

represent the evolutionary relationship of the bio-prospected potential phytase producers from 

the NCBI database based on the probes (well-characterized phytases). The colored circle 

represents the well-characterized phytases. 

4.4.3.2 NCBI-Keyword search: 

The keywords "Histidine acid phytase" and "Enterobacterales" were used to search the NCBI 

database. The list of candidates was subjected to CD-Hit, and a phylogenetic tree was 

constructed (Figure 4. 23). The list of phytase producers at the genus level obtained via the 

NCBI-Keyword search method was as follows: Dickeya, Pectobacterium, Edwardsiella, and 

Pantoea. 
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Figure 4. 23 The Neighbor-Joining method (bootstrap 1000 replicates) was constructed to 

represent the evolutionary relationship of the bio-prospected potential phytase producers from 

the NCBI database based on the input ‘Keyword’. The colored circle represents the well-

characterized phytases. 

4.4.3.3 Scanprosite method: 

The following motifs were used to scan this database: LerVviVsRHGvRaP (PS00616) and 

LlFIaGHDTNLanLsgA (PS00778). In addition to this, 'bacteria' was selected in the 

'Taxonomy' section. The list of candidates was subjected to CD-Hit. From the list, those 

candidates that belonged to phytases were selected, and a phylogenetic tree was constructed 

(Figure 4. 24). The list of potential phytase producers at the genus level, obtained using the 

Scanprosite method, included Xanthomonadaceae, Sphingomonas, Caulobacter, 

Methylobacterium, Candidatus, Serratia, Cronobacter, and Kosakonia. 

 

Figure 4. 24 The Neighbor-Joining method (bootstrap 1000 replicates) was constructed to 

represent the evolutionary relationship of the bio-prospected potential phytase producers from 
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the Scanprosite database, based on the input ‘motifs’. The colored circle represents the well-

characterized phytases 

4.4.3.4 UniprotKB method: 

This database was explored based on E.C: 3.1.3.8 (for 3-phytase) and 3.1.3.26 (4-phytase), 

which ensured the display of only phytases belonging to either 3-phytase or 4-phytase. All 

sequences were downloaded and used to construct multiple sequence alignments using Clustal 

Omega. Only those sequences that showcased the presence of conserved regions 'RHGXRXP' 

and 'HDTN' were shortlisted. This list was then subjected to CD-Hit, and a phylogenetic tree 

was constructed (Figure 4. 25). The list of genera obtained by bioprospecting the UniprotKB 

database includes: Pantoea, Desulfovibrio, Cronobacter, Edwardsiella, Nitrospirillum, 

Rhizomicrobium, Bartonella, Pseudomonas, Sphingomonas, Dyella, Luteibacter, Granulicella, 

Candidatus, Silvibacterium, Xanthomonas, and Edwardsiella. 

 

Figure 4. 25 The Neighbor-Joining method (bootstrap 1000 replicates) was constructed to 

represent the evolutionary relationship of the bio-prospected potential phytase producers from 

the UniprotKB database, based on the input ‘E.C. number’. The colored circle represents the 

well-characterized phytases. 

4.4.3.5 Conserved domain database: 

This database was explored by using the keyword 'Histidine acid phytase' and selecting 

conserved domain PRK10172. All sequences were then subjected to CD-Hit, and a 

phylogenetic tree was constructed (Figure 4. 26). The genera shortlisted using the CDD 

method were Cronobacter, Candidatus, and Edwardsiella. 
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Figure 4. 26 The Neighbor-Joining method (bootstrap 1000 replicates) was constructed to 

represent the evolutionary relationship of the bio-prospected potential phytase producers from 

the Conserved domain database, based on the input ‘Keyword and conserved domains’. The 

colored circle represents the well-characterized phytases. 

4.4.3.6 HMMER: 

The sequences that fulfilled the criteria mentioned in HMMER were then subjected to CD-Hit, 

and a phylogenetic tree was constructed (Figure 4. 27). The list of genera obtained via the 

HMMER method includes Sphingomonas, Novosphingobium, Phenylobacterium, Luteimonas, 

Brevundimonas, Altericroceibacterium, Nitrospirillum, Caulobacter, Rhizomicrobium, 

Granulicella, Acidobacterium, Verrucomicrobia, Sulfotelmatomonas, Acidipila, Dyella, 

Opitutus, Terriglobus, Paludibaculum, Silvibacterium, Terracidiphilus, Bryocella, 

Edaphobacter, Bilophila, Desulfovibrio, Azospirillum, Microvirga, Paraburkholderia, 

Trinickia, Pandoraea, Aeromonas, Deefgea, Cronobacter, Kosakonia, Enterobacter, 

Edwardsiella, Plesiomonas, Rouxiella, Budvicia, and Pantoea. 
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Figure 4. 27 The Neighbor-Joining method (bootstrap 1000 replicates) was constructed to 

represent the evolutionary relationship of the bio-prospected potential phytase producers via 

the HMMER method, based on the input ‘Keyword and conserved domains’. The colored circle 

represents the well-characterized phytases. 

4.4.3.7 JGI-metagenome: 

This database was explored using a keyword search: pfam00328. The list was further refined 

by applying filters such as gene product names (4-phytase and 3-phytase), domain: 

metagenome, and sequence status: finished. The list of sequences was subjected to CD-Hit, 

and a phylogenetic tree was constructed (Figure 4. 28). The genera obtained by this method 

were Erwinia and Pseudomonas. 
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Figure 4. 28 : The Neighbor-Joining method (bootstrap 1000 replicates) was constructed to 

represent the evolutionary relationship of the bio-prospected potential phytase producers via 

the JGI-metagenome method, based on the metagenome sequences deposited in the database. 

The colored circle represents the well-characterized phytases. 

4.4.3.8 Final shortlisted candidates from all databases: 

In total, 67 candidates were shortlisted from the results of different in-silico bioprospecting 

methods Table 4. 16. 
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Table 4. 16 The list of final shortlisted candidates: 

Sr. No. Name of the candidate Accession number Sr. No. Name of the candidate Accession number 

1 Budvicia aquatica A0A2C6DQ33 18 Edwardsiella anguillarum A0A076LMH5 

2 Candidatus Sulfotelmatomonas gaucii A0A2N9LY85 19 Edwardsiella ictaluri C5BDT1 

3 Candidatus Sulfopaludibacter sp. SbA A0A2N9MZR7 20 Erwinia mallotivora A0A014NCB0 

4 Caulobacter sp. UNC279MFTsu5.1 A0A1I3UXR1 21 Erwinia iniecta A0A0L7T3C3 

5 Caulobacter sp. BK020 A0A4R3GVP7 22 Erwinia sp. Leaf53 A0A0Q4N476 

6 Cronobacter turicensis C9Y2R9 23 Erwinia gerundensis A0A0U5KY50 

7 Cronobacter malonaticus A0A423XSW5 24 Erwinia sp. OLMDLW33 A0A2G8D6S0 

8 Cronobacter sakazakii A7MF64 25 Erwinia sp. JUb26 A0A3N1WG26 

9 Desulfovibrio legallii A0A1G7J6J8 26 Silvibacterium bohemicum A0A841JP71 

10 Desulfovibrio intestinalis A0A7W8C2N5 27 Kosakonia sacchari A0A1G4XQZ1 

11 Dickeya solani A0A2K8VZX8 28 Kosakonia quasisacchari A0A4R0HFX2 

12 Dickeya dadantii B4XT20 29 Granulicella mallensis G8P0L9 

13 Dyella marensis A0A1I2GM63 30 Granulicella pectinivorans A0A1I6MRB5 

14 Dyella sp. SG609 A0A846V6T3 31 Obesumbacterium proteus Q6U677 

15 Dyella sp. 333MFSha A0A1G7L606 32 Nitrospirillum amazonense A0A560EJH2 

16 Edwardsiella tarda A0A0H3DTQ2 33 Nitrospirillum iridis A0A7X0AY01 

17 Edwardsiella piscicida A0A034T3G5 34 Pantoea vagans A0A8X8DPR1 
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Sr. No. Name of the candidate Accession number Sr. No. Name of the candidate Accession number 

35 Pantoea wallisii A0A1X1DC61 52 Pectobacterium actinidiae A0A1V2R0J8 

36 Pantoea rodasii A0A0B1RA14 53 Pectobacterium Polaris A0A3S1G1Y1 

37 Pantoea sp. OV426 A0A1I5ALB0 54 Pectobacterium fontis A0A7V8ILW4 

38 Pantoea latae A0A1V9DQA5 55 Pectobacterium sp. S27 B6RGT0 

39 Pantoea conspicua A0A1X1BYI3 56 Xanthomonas perforans A0A0G8U018 

40 Pantoea cypripedii A0A1X1EKT6 57 Xanthomonas bromi A0A1C3NIQ0 

41 Pantoea allii A0A2V2BHL1 58 Xanthomonas translucens A0A1M4J6D6 

42 Pantoea sp. PNA 03-3 A0A2V3Q0A5 59 Xanthomonas alfalfae A0A1S1XGR7 

43 Pantoea brenneri A0A653W753 60 Xanthomonas axonopodis A0A1T1PAS6 

44 Pantoea stewartii A0A7U5G0D3 61 Xanthomonas campestris A0A1T1R8I7 

45 Pantoea sp. SM3 A0A837FM66 62 Xanthomonas phaseoli A0A1V9H240 

46 Pantoea dispersa A0A8E1V8E5 63 Xanthomonas citri A0A220WLT2 

47 
Pectobacterium carotovorum subsp. 

Carotovorum 
B4XY38 64 Xanthomonas prunicola A0A2N3RLE5 

48 Pectobacterium Brasiliense A0A086EQZ8 65 Xanthomonas arboricola A0A2N9DBU3 

49 Pectobacterium betavasculorum A0A093RU79 66 Xanthomonas vasicola A0A836ZS20 

50 Pectobacterium peruviense A0A0J5XCV4 67 Xanthomonas hortorum V7ZGQ4 

51 Pectobacterium wasabiae A0A1D7YZ01    
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4.5 Discussion: 

Exploring the immense microbial diversity in natural environments, like soil, offers the 

potential to discover novel enzymes, including phytase (Suleimanova et al., 2015)  (Sajidan et 

al., 2004). Each gram of soil contains an extensive variety of bacterial and archaeal species, 

ranging from 100,000 to 1,000,000 (Satyanarayana et al., 2017). The conventional method 

deals with the isolation and screening of culturable phytase producers from natural sources 

such as soil. 

In this study, various soil samples from different regions of Maharashtra and Gujarat were 

explored to obtain novel phytase producers (Nagar et al., 2021). The potential phytase 

producers from soil samples were identified based on the zone of hydrolysis. The method of 

evaluating the hydrolysis zone is frequently employed to conduct an initial screening of phytase 

producers from different natural sources such as soil (Kalsi et al., 2016)  (Dev et al., 2016). 

Additionally, phytase activity was examined in our study to precisely narrow down the sample 

count and validate the existence of phytase. The isolates exhibited phytase activity at pH 5, and 

the results were comparable with the reference, i.e., E.coli phytase. We adopted both qualitative 

plate assay and quantitative assay to isolate and screen six potential phytase producers, i.e., 

FD5T, FD5O, FD2 from forest soil, VD5 from vegetation soil, CD5 from cotton field, and PSD 

from Pigstag soil. These shortlisted soil isolates were identified via 16S rRNA gene sequencing 

using universal primers, and the results were analyzed using NCBI-Blastn. This analysis 

identified Enterobacter cloacae (VD5 and CD5), Paenibacillus sp. (FD5T), Bacillus 

megaterium (FD5O and FD2), and Klebsiella variicola (PSD). According to the literature, 

Enterobacter (Kalsi et al., 2016), Klebsiella sp. ASR1 (Sajidan et al., 2004), which was isolated 

from soil, exhibited maximum activity at pH 7 and 5, respectively, supporting our results. 

Hence, these techniques provide increased assurance for subsequent analysis on a larger scale, 

which involves the purification and characterization of phytase using phytase purification and 

characterization methods. It should be noted that the capability to dissolve phosphate is not 

limited to a specific genus (Motamedi, 2016). Given the diverse range of soil microbes, 

conducting preliminary screening helps minimize the additional costs and resources associated 

with extensive experimentation on many isolates. Therefore, the conventional approach 

adopted in this presents a mini-scale alternative for identifying highly productive bacterial 

phytase producers (Nagar et al., 2021). 
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We further selected PSD to investigate the presence of the phytase gene in it via PCR 

amplification and Sanger's sequencing. PSD was chosen as it was close to Klebsiella, which 

belongs to Histidine acid phytases (Sajidan et al., 2004). Histidine acid phytases have wide 

applications in industry compared to other phytases (Balaban et al., 2018)  (Rao et al., 2009). 

The sequencing analysis confirmed that PSD belongs to the HAP group, as indicated by the 

presence of the N-terminal conserved region RHGXRXP in its sequence. Moreover, the 

isolated PSD demonstrated promising potential for further exploration in industrial 

applications. 

The conventional approach can only be utilized to investigate the cultivable microbial 

population. Only 1% of the microbial communities can be cultured in laboratory conditions, 

while 99% are still unexplored because they are non-culturable (Robe et al., 2003) (Faria 

Fatima, Chaudhary Ira, Ali Jasarat, Rastogi Smita, 2011) (A. Kamble & Singh, 2020). To 

counter these limitations, an alternative option is to employ the metagenomic strategy centered 

around the 16S ribosomal RNA (16S rRNA) gene. This method allows for the exploration of 

the microbial community present in soil samples that are challenging to cultivate (Muwawa et 

al., 2021). In the context of this study, the metagenomic approach was harnessed to investigate 

the diversity of microorganisms within soil collected from a pig enclosure. The soil's elevated 

phytate content makes it a potential habitat for microorganisms capable of producing phytase, 

which is significant due to the incapability of monogastric animals to digest phytate (Menezes-

Blackburn et al., 2013).  

In the present study, the metagenomic approach included first, the isolation of total soil DNA 

from Pig stag soil (Kamble Asmita and Singh Harinder 2020), followed by 16S rRNA 

metagenomic sequencing. The analysis was performed using the QIIME2 platform (A. Kamble 

et al., 2020). The analysis helped to construct family and genus-level distributions of microbial 

communities present in the soil sample. The outcome was cross-referenced with existing 

literature to identify phytase producers, and it was discovered that the Xanthomonadaceae 

family holds potential for further investigation (DiFonzo & Bordia, 2003). Xanthomonas 

phytase can be further explored by designing full-length degenerate phytase gene primers to 

amplify the phytase gene, cloning, and overexpressing it in an appropriate host system, and 

ultimately characterizing the purified phytase. 

In-silico bioprospecting, a computational approach, is a straightforward and efficient method 

to discover new candidates from existing databases (Voß et al., 2020). It allows us to overcome 
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the limitations of traditional approaches. The advent of sequencing technology has dramatically 

increased the number of sequences available in databases, thereby expanding the pool of 

enzyme diversity (Stewart, 2012). In-silico bioprospecting takes advantage of this diversity by 

employing the following steps: exploration of databases to find novel candidates, followed by 

screening, analysis, and shortlisting of these candidates using bioinformatics tools. The 

exploration of the database can be based on homology, conserved domain, keyword search, 

and consensus-guided (A. D. Kamble & Singh, 2021)(A. Kamble et al., 2019). For example, 

Gupta et al. explored the NCBI database using keywords "Hypothetical Protein of T. aestivum" 

and "Hypothetical Proteins of wheat," followed by Blastp search to find homologous sequences 

that fulfilled the criteria of >40% sequence identity plus an e-value <0.005. This process 

shortlisted potential candidates which were further studied using the HHpred tool (Gupta et al., 

2018). Many other studies had adopted the in-silico bioprospecting approach to explore novel 

enzymes such as novel cyclic GMP-AMP synthase (cGAS) (Rolf et al., 2020), novel Urease 

(Yata et al., 2021), novel bilirubin oxidase (Sadeghian et al., 2020). 

In the present study, different databases were explored, such as NCBI, Scan-Prosite, 

UniProtKB, Conserved Domain database, HMMER, and JGI-metagenome, based on 

homology, keyword search, conserved motif/domain, and consensus-guided approaches. The 

focus was to explore novel phytases that were 50-80% identical to experimentally well-

characterized phytases. The steps involved exploring databases, followed by removing 

redundancy and studying their evolutionary relationship by constructing a phylogenetic 

neighbor-joining tree. Finally, we obtained 67 different candidates as potential phytase 

producers. 

To summarize, the utilization of three different approaches—conventional, metagenomics, and 

in-silico bioprospecting—enabled the identification and screening of new phytases. Each 

method yielded distinct phytase producers, and the combination of all three approaches 

expanded the potential for discovering additional novel phytases. In this study, Pantoea vagans 

(PV) and Edwardsiella tarda (ET) phytases were shortlisted for our next objective i.e. in-silico 

characterization and experimental validation. 
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4.6 Summary and Conclusion: 

In this present study, three different approaches were used to identify potential phytase 

producers: conventional, metagenomics, and in-silico bioprospecting. 

Conventional Bioprospecting: Alongside the initial screening technique involving the 

assessment of the hydrolysis zone, this study also utilized activity determination to accurately 

identify bacteria capable of producing phytase. By employing these methods on a smaller scale, 

the number of samples under consideration was reduced, and the presence of phytase was 

definitively confirmed. This approach instilled greater confidence for subsequent analysis, 

typically encompassing the broader processes of phytase purification and thorough 

characterization. 

Metagenomics Approach: The research optimized procedures for extracting DNA from soil, 

and using a technique known as metagenomics. Different methods and soil DNA kits were 

tested to achieve a high yield of pure DNA from garden soil. The DNA yield ranged from 15 

to 9218 ng/μl, with the method involving a soil DNA kit producing the highest-quality DNA 

(A260/A280: 1.8). Through metagenomic analysis involving 16S rRNA gene sequencing of soil 

DNA from pig sty, the study identified the distribution of bacterial families and genera. 

Notably, the Xanthomonadaceae family emerged as a promising candidate for further 

investigation into phytase activity. 

In-silico Bioprospecting: In essence, in-silico bioprospecting methods were instrumental in 

identifying a total of 67 potential genera capable of producing phytase from various databases. 

Out of these 67, two candidates—Pantoea vagans (PV) and Edwardsiella tarda (ET)—were 

selected for comprehensive computational assessment and subsequent experimental 

characterization. 

Hence, the combination of these three methods enabled us to explore a vast array of novel 

phytases, and among them, PV and ET were shortlisted for further study. 
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In-silico characterization and experimental validation of 

shortlisted phytase 

5.1 Introduction 

This chapter consisted of primary, secondary, and tertiary structure analysis and validation and 

functional analysis of PVP and ETP. This study also consisted of molecular docking and 

molecular dynamics simulation studies to gain knowledge on the dynamics of PVP and ETP at 

different temperatures from 300 to 450K for 30ns. The experimental validation of ETP and 

PVP included confirmation of the phytase gene, cloning of the phytase gene in the pET29-b 

vector, overexpression of phytase in E. coli BL21(DE3), and biochemical characterization. The 

analysis will help to understand these two novel phytases i.e., ETP and PVP, and shortlist the 

candidates for rational engineering to improve their properties such as thermostability.  

5.1.1 In-silico characterization  

The in-silico characterization process involved comprehending the primary, secondary, and 

tertiary structures alongside validation, functional assessment, and dynamic studies at different 

temperatures. E.g., In-silico characterization has been reported for Pseudomonas aeruginosa 

phosphatase (Pramanik et al., 2017), thermostable chitinase II (Iqbal et al., 2015), 

Cellobiohydrolase (Dadwal et al., 2022) and phytases (Gontia-Mishra et al., 2014). Analyzing 

the primary sequence allowed predictions of enzyme characteristics and molecular properties. 

Secondary structure analysis yielded insights into folding, stability, and functional aspects. 

Evaluating the tertiary structure determined the reliability of the model and provided details 

about local structural features. Functional analysis revealed details about conserved amino 

acids, disulfide bonds, and stability such as Tm, offering insight into the enzyme's potential for 

further investigation. Molecular dynamics simulations provided data on temperature-induced 

structural changes, stability, and accessibility to solvents. E.g., molecular dynamic simulation 

(MDS) of chitosanase (Wang et al., 2023), glutamate decarboxylase (Hua et al., 2020), 

Aspergillus niger phytase (K. Kumar et al., 2015), and E.coli phytases (Shivange et al., 2010) 

helped to gain insights into conformational dynamics of various enzymes. All this information 

contributes to understanding an enzyme's potential for rational engineering purposes.  
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5.1.2 Experimental validation 

Experimental validation helps to understand the characteristics of enzymes for their potential 

use in various industries. E.g., 1,3(4)-β-D-glucanase (Chen et al., 2020), metalloprotease(Zhu 

et al., 2023), Hafnia phytase (Ariza et al., 2013), E.coli phytase (Abeldenov et al., 2017) and 

Klebsiella phytase (Sajidan et al., 2004) are well-characterized enzymes reported in the past.  

In the present study, experimental validation involved confirmation of the phytase gene present 

in PV and ET, cloning and overexpression of phytase, purification, and biochemical 

characterization. This will help us to shortlist the phytase for rational engineering.   

5.2 In-silico characterization: 

5.2.1 Introduction: 

In-silico characterization of shortlisted phytase includes primary sequence analysis, secondary 

structure analysis, tertiary structure analysis and validation, functional analysis, and molecular 

docking and molecular dynamics simulations (Figure 5. 1). 

 

 

Figure 5. 1 Overview of in-silico characterization of PVP and ETP. 
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5.2.2 Materials and Methods: 

5.2.2.1 Sequence retrieval, phylogenetic analysis, and primary sequence analysis: 

Sequence retrieval:  

The full-length phytase sequence of Pantoea vagans phytase (PVP) (E1SF61) and 

Edwardsiella tarda phytase (ETP) (A0A2A7U467) was retrieved from the UniProtKB 

database (Magrane & Consortium, 2011) (https://www.uniprot.org/) in FASTA format. The 

nucleotide sequence of PVP (Accession I.D.: ADO08555) and ETP (Accession I.D.: 

PEH73109) was retrieved from ENA i.e., European Nucleotide Archive. ClustalO (Sievers et 

al., 2011) (https://www.ebi.ac.uk/Tools/msa/clustalo/) was used to generate multiple sequence 

alignment (MSA) of PVP and ETP against experimentally characterized phytases from E.coli, 

Klebsiella, Citrobacter, Hafnia, and Yersinia. The MSA generated by ClustalO was edited by 

using Easy Sequencing in PostScript (ESpript) (https://espript.ibcp.fr/ESPript/cgi-

bin/ESPript.cgi) (Gouet et al., 1999).  

Phylogenetic analysis: 

MEGA 7.0 (S. Kumar et al., 2016) (https://www.megasoftware.net/) was used to construct the 

phylogenetic tree. The muscle tool was first used to generate MSA of PVP and ETP against 

the experimentally characterized phytases from E.coli, Klebsiella, Citrobacter, Hafnia, and 

Yersinia. The generated MSA was then subjected to neighbor-joining phylogenetic tree 

construction with 1000 bootstrap replicates and JTT-matrix-based method/ Poisson correction 

method.   

Primary sequence analysis: 

Protparam tool on ExPasy proteomics server (https://web.expasy.org/protparam/) (Gasteiger et 

al., 2005) and InterProScan (Mulder & Apweiler, 2007) 

(https://www.ebi.ac.uk/interpro/search/sequence/) was used for primary sequence analysis of 

ETP, PVP along with its closet homology i.e., Hafnia alvei phytase (HAP) and Klebsiella 

pneumoniae phytase (KPP). This analysis helped to gather information related to 

physiochemical properties such as isoelectric point, molecular weight, aliphatic index, amino 

acid composition, and grand average of hydropathicities (GRAVY). InterProScan helped to 

gain information related to family, CDD, catalytic core, Pfam I.D., Prosite I.D., and 

homologous superfamily.  

https://www.uniprot.org/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi
https://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi
https://www.megasoftware.net/
https://web.expasy.org/protparam/
https://www.ebi.ac.uk/interpro/search/sequence/
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5.2.2.2 Secondary structure analysis:  

Secondary structure analysis of PVP and ETP was performed by using various tools such as 

Psipred (McGuffin et al., 2000) (http://bioinf.cs.ucl.ac.uk/psipred/), Polyview2D   (Porollo et 

al., 2004) (https://polyview.cchmc.org/), PDBsum (Laskowski et al., 2018) 

(http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/), Proteus (Montgomerie et al., 2008) 

(http://www.proteus2.ca/proteus2/), Yet Another Scientific Artificial Reality Application 

(YASARA) software (Land & Humble, 2018) (http://www.yasara.org/).  

These tools helped to gain information related to the secondary structure elements such as 

helices, sheets, turns, and coils of PVP and ETP. Each of these tools/serves/software operates 

via inbuilt algorithms and statistical methods e.g., Psipred used neural network algorithm and 

recognized patterns. Polyview2D helped to generate a secondary structure by using different 

methods that were embedded in it. PDBsum helped to generate a wiring diagram of the 

secondary structure. Proteus used machine learning methods along with different secondary 

structure methods. Similarly, YASARA also used different methods to generate a secondary 

structure.   

5.2.2.3 Tertiary structure analysis and validation:  

Tertiary structure analysis was performed by using the following tools/serves/ software: 

Funfold (Roche et al., 2011) (https://ffas.godziklab.org/ffas-cgi/cgi/ffas.pl), Hhpred 

(Zimmermann et al., 2018) (https://toolkit.tuebingen.mpg.de/tools/hhpred), Phyre (Kelley et 

al., 2016), Swiss Model (Bienert et al., 2017) (https://swissmodel.expasy.org/), Fold and 

Function Assignment System (FFAS) (Xu et al., 2014) (https://ffas.godziklab.org/ffas-

cgi/cgi/ffas.pl), Iterative Threading ASSEmbly Refinement (I-TASSER) (Yang et al., 2014) 

(https://zhanggroup.org/I-TASSER/), Intfold (Mcguffin et al., 2019) 

(https://www.reading.ac.uk/bioinf/IntFOLD/) were used to model tertiary structure of PVP and 

ETP.  

The Structure Assessment tool embedded in the EXPASY web portal 

(https://swissmodel.expasy.org/assess) was used for the preliminary screening of PVP and ETP 

structures generated by various tools/serves/ software. The evaluation was based on the 

percentage of favored regions in the Ramachandran plot. The structures that exhibited >90% 

of their amino acids in the Ramachandran favored region were shortlisted. 

http://bioinf.cs.ucl.ac.uk/psipred/
https://polyview.cchmc.org/
http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/
http://www.proteus2.ca/proteus2/
http://www.yasara.org/
https://ffas.godziklab.org/ffas-cgi/cgi/ffas.pl
https://toolkit.tuebingen.mpg.de/tools/hhpred
https://swissmodel.expasy.org/
https://ffas.godziklab.org/ffas-cgi/cgi/ffas.pl
https://ffas.godziklab.org/ffas-cgi/cgi/ffas.pl
https://zhanggroup.org/I-TASSER/
https://www.reading.ac.uk/bioinf/IntFOLD/
https://swissmodel.expasy.org/assess
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SWISS-MODEL structures were shortlisted for further validation via Protein Structure 

Analysis (ProSA) (https://prosa.services.came.sbg.ac.at/prosa.php) (Wiederstein & Sippl, 

2007), ERRAT (https://saves.mbi.ucla.edu/) (Colovos & Yeates, 1993), Qualitative Model 

Energy Analysis (QMEANDisCo) (Benkert et al., 2011) 

(https://swissmodel.expasy.org/qmean/).  

The modeled structures were visualized using Pymol (https://pymol.org/2/), BioVia Discovery 

studio (https://discover.3ds.com/discovery-studio-visualizer-download, Chimera (Pettersen et 

al., 2004).  

5.2.2.4 Functional analysis:  

The following tools/servers/software were used for functional analysis:  

InterProScan (Mulder & Apweiler, 2007) (https://www.ebi.ac.uk/interpro/search/sequence/), 

Prosite (de Castro et al., 2006) (https://prosite.expasy.org/), MotifFinder 

(https://software.broadinstitute.org/software/igv/motif_finder) , SignalP 

(https://services.healthtech.dtu.dk/services/SignalP-5.0/) (Almagro Armenteros et al., 2019), 

Protein interaction calculator (PIC) (Tina et al., 2007) (http://pic.mbu.iisc.ernet.in/job.html) , 

VMD, Castp (Tian et al., 2018) (http://sts.bioe.uic.edu/castp/index.html?3igg)   and SCooP 

(Pucci et al., 2017) (http://babylone.3bio.ulb.ac.be/SCooP/index.php).   

5.2.2.5 Molecular docking and Molecular dynamics simulation: 

Molecular docking was performed by using AutoDock Vina (Trott & Olson, 2009) (Faiza, 

2020) (https://autodock.scripps.edu/ ). AutoDock Vina was used to perform docking of phytate 

with PVP and ETP as mentioned below: 

1. Model minimization: Modelled structures of ETP and PVP were minimized by using 

Swiss PDB Viewer (https://autodock.scripps.edu/). 

2. Ligand preparation: Ligand i.e., phytate was extracted from 1DKQ by using Chimera 

software. The protein part was deleted and the non-standard residue (i.e., 1-IHP) was 

selected. The minimization process was conducted by using the steepest descent steps 

(1000) and conjugate gradient steps. The charges and hydrogens were added, followed 

by exposing it to the Amber ff14SB force field.  

3. .pdbqt files generation: .pdbqt files for phytate, PVP, and ETP were generated by using 

AutoDock4. The phytate, ETP, and PVP structure was opened in AutoDock4. In the 

case of ETP and PVP.pdb structures: polar hydrogens were added, water molecules 

https://prosa.services.came.sbg.ac.at/prosa.php
https://saves.mbi.ucla.edu/
https://swissmodel.expasy.org/qmean/
https://discover.3ds.com/discovery-studio-visualizer-download
https://www.ebi.ac.uk/interpro/search/sequence/
https://prosite.expasy.org/
https://software.broadinstitute.org/software/igv/motif_finder
https://services.healthtech.dtu.dk/services/SignalP-5.0/
http://pic.mbu.iisc.ernet.in/job.html
http://sts.bioe.uic.edu/castp/index.html?3igg
http://babylone.3bio.ulb.ac.be/SCooP/index.php
https://autodock.scripps.edu/
https://autodock.scripps.edu/
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were deleted, and kollam charges were added (atoms AD4 type). The PVP structure 

was saved as a .pdbqt file. In case of phytate.pdb: opened in Autodock4 and detected 

root feature was applied. This file was saved as phytate. pdbqt. 

4. Highlighting the conserved residues: The conserved residues involved in the catalysis 

of phytate by PVP and ETP were highlighted. In-case of PVP the conserved residues 

were: R38, H39, G40, V41, R42, P43, P44, H303, and D304.  In-case of ETP the 

conserved residues were N and C-terminal conserved residues: R46, H47, G48, V49, 

R50, A51, P52, H331, D332, T333, and N334. 

5. Grid box generation was generated for local docking. 

6. Generation of configuration file: The following information regarding receptor, ligand, 

size of grid box, exhaustiveness, and output was stored in the conf.txt file. 

The following is the .conf.txt.file: The following is an example of the configuration file. 

Note: all parameters are editable depending on the input minimized protein and ligand 

structure. 

 

receptor= minimized_protein .pdbqt 

ligand= minimized_ligand.pdbqt 

 

center_x= -32.692  

center_y= 47.899  

center_z= -2.086 

 

size_x= 40 

size_y= 40 

size_z= 40 

 

out= vina_pvwithmini.pdbqt 

 

log= lig.txt 

 

exhaustiveness= 100 

num_modes = 100 
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This conf.txt file was run on the Windows command prompt to obtain ETP and PVP 

bound to phytate.  

7. Pymol visualization: the complex of ETP and PVP-bound phytate was visualized in 

Pymol.  

8. The 2D structure of PVP and ETP phytate complex to identify interactions was 

generated by BioVia Discovery studio (https://discover.3ds.com/discovery-studio-

visualizer-download).  

Molecular dynamics simulation (MDS): 

The docked structures of PVP and ETP bound phytate were opened in Chimera. The protein 

structure i.e., PVP and ETP (remove phytate) was saved as a .pdb file and the phytate file 

(remove PVP and ETP) was saved as a .mol2 file.  

GROMACS software (Pronk, 2013) was used to prepare PVP.pdb and ETP.pdb files for 

simulation. The PVP and ETP topology were generated by using the pdb2gmx command and 

AMBER99SB-ILDN forcefield. This process resulted in the generation of .gro files of PVP 

and ETP plus phytate structures. The complex file was built by merging PVP/ETP and phytate 

coordinates (present in .gro file) and updated the system’s topology files such as .itp and, prm, 

topol files.  

The system was then surrounded by a cubic box. In the case of PVP the box size was 0.3nm 

and in the case of ETP it was 0.35nm. Ions (Na+ and Cl¬) were added to the system. It was 

minimized by using the steepest descent minimization method, maximum forces were < 10.0 

kJ/mol and maximum 50000 nsteps.  

The two-step equilibration method was applied. Phytate undergoes restraint by generating 

position restraint topology followed by temperature coupling groups. NVT and NPT 

equilibration was performed by using a modified Berendsen thermostat and Parrinello-Rahman 

pressure coupling for 1000 ps each.  

The MD production of the system was carried out using leapfrog integrator, 1.2 nm short-range 

van der Waals cutoff, periodic boundary conditions, and long-range electrostatics via Particle 

Mesh Ewald (PME) for 30ns at 300, 350, 400, and 450K. 

The MD simulation analysis involved: Root Mean Square Deviation (RMSD), Root Mean 

Square fluctuation (RMSF), Solvent Accessible Surface Area (SASA) of protein, and Radius 

of Gyration (Rg).   

https://discover.3ds.com/discovery-studio-visualizer-download
https://discover.3ds.com/discovery-studio-visualizer-download
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5.2.3 Results: 

5.2.3.1 Sequence retrieval, phylogenetic analysis, and primary sequence analysis: 

The full-length phytase sequence of PVP (E1SF61) and ETP (A0A2A7U467) was retrieved 

from the UniProtKB database (Magrane & Consortium, 2011) (https://www.uniprot.org/) in 

FASTA format. PVP and ETP consisted of 418 and 443 amino acids respectively. Multiple 

sequence alignment was performed using Clustal Omega (Figure 5. 2) (Figure 5. 3) and further 

edited by ESPript. This analysis revealed that the closest homolog of PVP and ETP were 

Klebsiella pneumoniae phytase (KPP) (67.43% percent identity) and Hafnia alvei phytase 

(HAP) (56.76% percent identity) respectively. The Clustal Omega analysis edited via ESPript 

(Figure 5. 4) (Figure 5. 5) also revealed that both PVP and ETP belonged to the Histidine acid 

phytase group as it consisted of N-terminal (RHGXRXP) and C-terminal (HD) conserved 

amino acids residues.  

 

 

 

https://www.uniprot.org/
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Figure 5. 2 Multiple sequence alignment generated by using ClustalO: PVP (Uniprot accession 

number: E1SF61), against experimentally characterized phytases from E.coli (PDB I.D.: 

1DKL), Klebsiella (PDB I.D.: 2WNH), Citrobacter (PDB I.D.: 3ZHC), Hafnia (PDB I.D.: 

4ARO), Yersinia (PDB I.D.: 4ARV). 
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Figure 5. 3 Multiple sequence alignment generated by using ClustalO: Edwardsiella tarda 

phytase (ETP) (NCBI accession I.D.: A0A2A7U467) against the experimentally characterized 

phytases such as Citrobacter braakii phytase (NCBI accession I.D.: AAS45884.1), Escherichia 

coli phytase (NCBI accession I.D.: AMH85921.1), Yersinia pestis (NCBI accession I.D.: 

ABU98780.1), Buttiauxella sp. GC21 phytase (NCBI accession I.D.: ABX80238.1), and 

Hafnia alvei ATCC 51873 (NCBI accession I.D.: EHM46937.1). 
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Figure 5. 4 Clustal O was used to generate multiple sequence alignment of PVP (Uniprot 

accession no.: E1SF61) against the well-characterized phytases (retrieved from RCSB PDB) 

and edited by Easy Sequencing in PostScript (ESpript). Note: well-characterized phytases from 

E.coli (PDB accession I.D: 1DKL), Klebsiella (PDB accession I.D: 2WNH), Citrobacter (PDB 

accession I.D: 3ZHC), Hafnia (PDB accession I.D: 4ARO), Yersinia (PDB accession I.D: 

4ARV) was used for the alignment.  
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Figure 5. 5 Clustal O was used to generate multiple sequence alignment of ETP (Uniprot 

accession no.: A0A2A7U467) against the well-characterized phytases (retrieved from RCSB 

PDB) and edited by Easy Sequencing in PostScript (ESpript). Note: well-characterized 

phytases from Citrobacter braakii phytase (NCBI accession I.D.: AAS45884.1), Escherichia 

coli phytase (NCBI accession I.D.: AMH85921.1), Yersinia pestis (NCBI accession I.D.: 

ABU98780.1), Buttiauxella sp. GC21 phytase (NCBI accession I.D.: ABX80238.1), and 

Hafnia alvei ATCC 51873 (NCBI accession I.D.: EHM46937.1) 

The neighbor-joining phylogenetic tree was constructed by using MEGA 7.0 software to reveal 

the evolutionary relationship of PVP (Figure 5. 6) and ETP (Figure 5. 7) with the well-

characterized phytases. PVP was closely clustered with KPP, while ETP was closely clustered 

with well-characterized phytases.   
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Figure 5. 6 The neighbor-joining phylogenetic analysis of PVP (Uniprot accession I.D.: 

E1SF61) along with reference sequences such as from E.coli (PDB accession I.D: 1DKL), 

Klebsiella (PDB accession I.D: 2WNH), Citrobacter (PDB accession I.D: 3ZHC), Hafnia 

(PDB accession I.D: 4ARO), and Yersinia (PDB accession I.D: 4ARV)  was performed by 

using MEGA 7.0 software (Poisson correction method, 1000 bootstrap replicates).   

 

Figure 5. 7 The neighbor-joining phylogenetic analysis of ETP (Nucleotide accession I.D.: 

A0A2A7U467) along with reference sequences such as from E.coli (PDB accession I.D: 

1DKL), Klebsiella (PDB accession I.D: 2WNH), Citrobacter (PDB accession I.D: 3ZHC), 

Hafnia (PDB accession I.D: 4ARO), Yersinia (PDB accession I.D: 4ARV)  was performed by 

using MEGA 7.0 software (JTT matrix-based method, 1000 bootstrap replicates). 

Primary sequence analysis was performed using the Protparam tool (Gasteiger et al. 2005) 

(https://web.expasy.org/protparam/) and Interproscan database (Mulder and Apweiler 2007) 

(https://www.ebi.ac.uk/interpro/search/sequence/). The Protparam tool was used to determine 
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the amino acid composition, isoelectric point, molecular weight, aliphatic index, and the grand 

average of hydropathicities (GRAVY) for PVP, ETP, KPP, and HAP phytases. Note that the 

results of PVP were compared with KPP (used as reference phytase) whereas ETP 

characteristics were compared with HAP (used as reference phytase).  

The Protparam tool revealed that PVP, and ETP consisted of 418 and 444 amino acids which 

were comparable to their reference i.e., KPP (418 aa) and HAP (413 aa) respectively. The 

molecular weight of PVP, ETP, HAP, and KPP phytases were 46, 48, 45, and 46 kDa 

respectively. The pI of ETP, PVP, HAP, and KPP was 6.67, 6.79, 6.48, and 8.48 respectively. 

This indicated that PVP and ETP phytase were mildly acidic. The aliphatic index of ETP, PVP, 

HAP, and KPP was 80.05, 91.29, 82.71, and 84.59 respectively. This indicated that PVP was 

more thermostable as compared to ETP and references. The GRAVY index of PVP, ETP, HAP, 

and KPP was -0.279, -0.211, -0.283 and -0.378 respectively. This revealed that PVP and ETP 

both had better interactions with the surrounding aqueous environment. The details are 

mentioned in Table 5. 1. The amino acid composition results revealed that PVP, ETP, and 

HAP composed of the highest Leu amino acid whereas in the case of KPP, Ala amino acid was 

slightly higher than Leu (Figure 5. 8).  

 

Figure 5. 8 The amino acid composition (%) of ETP, PVP, KPP, and HAP. 

The overall Protparam analysis revealed that the primary sequence properties of PVP and ETP 

were like those of the references. Hence, the sequence is reliable and can be used to study 

further.  
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Table 5. 1 The Protparam tool was used for the primary sequence analysis of PVP, KPP, ETP, 

and HAP. 

Wildtype 

phytase 

No. of 

amino acids 

Molecular 

weight (kDa) 
pI Aliphatic index 

Grand average 

of 

hydropathicity 

(GRAVY) 

PVP 418 46 6.79 91.29 -0.211 

KPP 418 46 8.48 84.59 -0.378 

ETP 444 48 6.67 80.05 -0.279 

HAP 413 45 6.48 82.71 -0.283 

Additionally, the InterProScan tool was employed to identify the protein family, homologous 

superfamily, Pfam I.D., Prosite signature, and catalytic core of PVP, and ETP based on its 

FASTA sequence. According to the analysis, both PV and ET belong to the Histidine 

phosphatase superfamily and consist of Histidine acid phosphatase phosphohistidine signature. 

The details of PVP I.D. are here: Interprofamily I.D.: IPR029033, and clade2 I.D.: IPR000560, 

Histidine phosphatase domain (CDD: cd07061, Pfam:PF00328). The details of ETP I.Ds are 

here: Histidine Phosphatase superfamily (IPR029033), Pfam I.D. (PF00328), Prosite I.D. 

(PS00616), and CDD (cd07061).  

In summary, in-silico characterization of PVP and ETP helped to gain information related to 

molecular properties and characteristics. The results are comparable to the known phytases. 

Hence it strengthens the conclusion drawn from the analysis.  
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5.2.3.2 Secondary Structure Analysis:  

Psipred (Figure 5. 9) (Figure 5. 10), Polyview2D (Figure 5. 11) (Figure 5. 12), PDBsum 

(Table 5. 2) (Figure 5. 13) (Figure 5. 14), Proteus (Figure 5. 15) (Figure 5. 16), Porter 

(Figure 5. 17) (Figure 5. 18), Yet Another Scientific Artificial Reality Application (YASARA) 

software (Figure 5. 19) were used for the secondary structure analysis. Each 

tool/server/software employed specific algorithms and methodologies. These tools give 

information related to the percentage of helices, ß-sheets, coils, and turns within PVP and ETP.  

Hence it is utilized to generate a consensus prediction of secondary structures.  

Psipred and Proteus2, provided confidence scores for the prediction of each amino acid residue 

in PVP and ETP. The analysis from each tool provided reliable confidence scores for individual 

amino acids, enhancing the accuracy and reliability of the secondary structure prediction for 

ETP and PVP.  

Table 5. 2 PDBsum analysis of PVP and ETP. 

Parameters PVP ETP 

Disulfide bonds 3 4 

γ turns 4 2 

ß turns 32 31 

helices 18 18 

ß strands 10 10 

ß bulges 3 4 

psi loops 1 1 

ß hairpins 4 3 

ß sheets 2 2 
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Figure 5. 9 Psipred was used to predict the secondary structure of PVP. 
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Figure 5. 10 Psipred was used to predict the secondary structure of ETP. 
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Figure 5. 11 Polyview2D was used to predict the secondary structure of PVP. 
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Figure 5. 12 Polyview2D was used to predict the secondary structure of ETP.  
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Figure 5. 13 PDBSum was used to predict the secondary structure of PVP. 
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Figure 5. 14 PDBSum was used to predict the secondary structure of ETP.  
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Figure 5. 15 Proteus2 was used to predict the secondary structure of PVP. 

H = Helix 

E = Beta Strand 

S = Signal peptide 

c = Cleavage site 

C = Coil 

B = Membrane strand  

T = Membrane helix 

Line 1 = sequence (single letter IUPAC code, 60 characters per line) 

Line 2 = secondary structure (H, E, or C),  

Line 3 = confidence score (0-9, 0 = low, 9 = high) 
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Figure 5. 16: Proteus2 was used to predict the secondary structure of ETP. 

H = Helix 

E = Beta Strand 

C = Coil 

T = Membrane helix 

B = Membrane strand 

S = Signal peptide 

c = Cleavage site 

Line 1 = sequence (single letter IUPAC code, 60 characters per line) 

Line 2 = secondary structure (H, E or C) 

Line 3 = confidence score (0-9, 0 = low, 9 = high) 
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Figure 5. 17 Porter was used to predict the secondary structure of PVP. 

Line 1: The 1-letter code of protein primary sequence.  

Line 2: Secondary structure prediction by Porter 4.0: 

H = helix : DSSP's H (alpha helix) + G (3-10 helix) + I (pi-helix) classes. 

E = strand : DSSP's E (extended strand) + B (beta-bridge) classes. 

C = the rest : DSSP's T (turn) + S (bend) + . (the rest). 

Line 3: Relative Solvent Accessibility prediction by PaleAle 4.0: 

B=completely buried (0-4% exposed) 

b=partly buried (4-25% exposed) 

e=partly exposed (25-50% exposed) 

E=completely exposed (50+% exposed) 
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Figure 5. 18 Porter was used to predict the secondary structure of ETP. 

Line 1: The 1-letter code of protein primary sequence.  

Line 2: Secondary structure prediction by Porter 4.0: 

H = helix : DSSP's H (alpha helix) + G (3-10 helix) + I (pi-helix) classes. 

E = strand : DSSP's E (extended strand) + B (beta-bridge) classes. 

C = the rest : DSSP's T (turn) + S (bend) + . (the rest). 

Line 3: Relative Solvent Accessibility prediction by PaleAle 4.0: 

B=completely buried (0-4% exposed) 

b=partly buried (4-25% exposed) 

e=partly exposed (25-50% exposed) 

E=completely exposed (50+% exposed) 
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According to the analysis by using YASARA software it was found that PVP (Figure 5. 19) 

and ETP (Figure 5. 19) consisted of a higher percentage of helices compared to its other 

secondary structural elements. Similar observations were found in the case of their respective 

reference sequences i.e., KPP and HAP.  

 

Figure 5. 19 Secondary structure analysis of ETP, PVP, KPP, and HAP by using YASARA 

software. 

In summary, secondary structure analysis encompassing the evaluation of the topology of PVP 

and ETP revealed a noteworthy similarity and comparable % of secondary structure content 

between these phytases and the reference sequences.  

5.2.3.3 Tertiary structure analysis and validation:  

Tertiary structure modeling of PVP and ETP was performed via. Funfold, Hhpred, Phyre, Swiss 

Model, Fold and Function Assignment System (FFAS), Iterative Threading ASSEmbly 

Refinement (I-TASSER), Topmodel, and Intfold. The tertiary structure of phytases was 

examined using these servers, which followed a specific workflow consisting of several 

fundamental steps. These steps included input sequence, typically in FASTA format, selecting 

a suitable template, constructing a model, minimizing energy, assessing quality and validity, 

and visualizing the results.  
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The modeling of PVP and ETP involved the use of multiple software/servers/tools, and each 

model structure was primarily validated using the Structure Assessment tool provided by the 

EXPASY web portal (https://swissmodel.expasy.org/assess). This tool facilitated the 

evaluation of the Ramachandran plot, which is instrumental in assessing the conformation of 

backbone dihedral angles (phi and psi) in proteins. The allowed regions on the plot indicate 

combinations of phi-psi angles that are energetically favorable for proper protein folding. The 

PVP and ETP structures modeled using various tools exhibited a range of 87.28 to 97.22% and 

80 to 97.53% of amino acid residues within the allowed regions respectively (Table 5. 3). 

Table 5. 3 Preliminary screening of modeled structures by using the Structure Assessment tool 

provided by the EXPASY web portal. 

Sr.No. Method  

% Ramchandran allowed/favored 

region of 

PVP ETP 

1 Fold and Function Assignment System (FFAS) 97.22 97.53 

2 FunFold 91.9 92.97 

3 Hhpred 97.44 96.54 

4 IntFold 97.36 96.83 

5 Phyre 95.65 95.31 

6 SWISS MODEL 96.41 95.8 

7 Tr-rosetta 96.88 97.96 

8 I-TASSER 87.28 80 
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According to the Ramachandran plot, the percentage of residues in the allowed regions in the 

case of modeled structures PVP and ETP via SWISS-MODEL were 96.41 and 95.8 

respectively and that of KPP and HAP were 98.74 and 99.49 respectively. This indicated that 

the structure was reliable as the % of residues in the allowed regions of PVP and ETP were like 

their references i.e., KPP and HAP respectively.  

The modeled structures of PVP and ETP, along with reference sequences (KPP and HAP) were 

further validated by using ProSa, ERRAT (%), and QmeanDisco (Table 5. 4). The ProSaZ 

scores of PVP and ETP were -8.92 and -8.77 respectively, while those of references KPP and 

HAP were -9.18, and -9.2 respectively. The accepted range of %ERRAT was >50. The % 

ERRAT value of PVP and ETP was 94.24 and 90.95 respectively, whereas that of KPP, and 

HAP was 96.124 and 95.58 respectively. QMEANDisco score of PVP, ETP, KPP, and HAP 

was 0.88 ± 0.05, 0.84 ± 0.05, 0.93 ± 0.05, and 0.94 ± 0.05 respectively. The ProSa Z-score 

values, ERRAT (%), and QMEANDisco score were close to their references which indicated 

that the structures were reliable.  

The structures of PVP (Figure 5. 20) and ETP (Figure 5. 21) modeled by using SWISS-

MODEL were for molecular dynamic simulation studies because SWISS-MODEL is a well-

known and widely used freely available server for modeling structure via homology modeling. 

Reliable models were constructed in less time.  
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Figure 5. 20 The solid ribbon representation of PVP docked with phytate (brown): red α-helix, 

yellow β-sheet, blue disulfide bonds, and green loops. 

 

 

Figure 5. 21 The solid ribbon representation of ETP docked with phytate (brown): red α-helix, 

yellow β-sheet, blue disulfide bonds, and green loops. 
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Table 5. 4 Tertiary structure validation of shortlisted Swiss model and template structures by 

using ProSa, ERRAT, and QmeanDisco. 

SWISS-MODEL 

structure 

Model 

name 

Structure 

Assessment 

(%) 

ProSa 

Z-score 

ERRATA 

(%) 
QmeanDisco 

Model 

PVP 96.41 -8.92 94.241 0.88 ± 0.05 

ETP 95.8 -8.77 90.956 0.84 ± 0.05 

Template 

KPP 

(2WNH) 
98.74 -9.18 96.124 0.93 ± 0.05 

HAP 

(4ARO) 
99.49 -9.2 95.58 0.94 ± 0.05 

 

The superposition of PVP (Figure 5. 22) and ETP (Figure 5. 23) on their respective references 

i.e., KPP and HAP revealed structural similarities between them though the sequence identity 

was less than 70% in both cases. PVP and ETP both possessed α and αß domains like their 

reference structures.  

 

Figure 5. 22 Superimposition of the modeled tertiary structure of PVP (cyan) and KPP 

(brown). 
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Figure 5. 23 Superimposition of the modeled tertiary structure of ETP (Blue) and HAP (Pink). 

In summary, the tertiary structure analysis revealed that the SWISS-MODEL structures of PVP 

and ETP were reliable as both were comparable to their reference structures. Hence, PVP and 

ETP structures can be used further for molecular dynamics studies.    

5.2.3.4 Functional analysis:  

The conserved catalytic core present in PVP was R38, H39, R42, R114, H303, and D304. The 

catalytic core present in ETP was R46, H47, G48, P52, H331 and D332. The catalytic site was 

the same as the known HAP phytases such as E.coli (Lim et al., 2000) and Klebsiella phytases  

(Böhm et al., 2010a). This indicated that PVP and ETP have the potential to hydrolyze phytate 

via two-step mechanisms. The first step involved the formation of a phosphohistidine 

intermediate via nucleophilic attack on the phosphorous of phytate by the N-terminal conserved 

histidine. This intermediate was hydrolyzed by the action of C-terminal conserved aspartic acid 

(proton donor to the oxygen atom of the scissile phosphomonoester bond). This results in the 

release of lower myoinositols, inorganic phosphate, and bound minerals (Lim et al., 2000) 

(Böhm et al., 2010a).  

According to Castp analysis, the total number of pockets identified in-case of PVP and ETP 

was 53 and 68 respectively. The first pocket of PVP occupied was 744.160 A2 area and 700.187 

A3 Volume (Table 5. 5) (Figure 5. 24). The first pocket of ETP occupied was 681.749A2 Area 

and Volume 673.731A3 (Figure 5. 25) (Table 5. 6). The motif ‘LdkVviVsRHGvRaP’ and 
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LDKVVIVSRHGVRAP were present in PVP and ETP according to ScanProsite, and 

MotifFinder respectively. According to the analysis via VMD, the total number of salt bridges 

present in PVP and ETP was 17, and 11 respectively.    

 

Figure 5. 24 The Castp analysis of PVP structure: A. Grey highlighted residues involved in 

catalysis of phytate, B. tertiary structure of PVP (grey), and highlighted catalytic pocket (red). 

Table 5. 5 Residues present in the 1st pocket and predicted to be involved in catalysis according 

to the Castp analysis of PVP structure. 

SeqID AA SeqID AA SeqID AA SeqID AA 

38 ARG 155 THR 223 SER 272 LEU 

39 HIS 157 PRO 226 GLU 276 ARG 

42 ARG 160 GLU 227 THR 303 HIS 

45 THR 164 LYS 229 ARG 304 ASP 

47 GLY 205 PHE 230 LEU 305 THR 

48 ASN 208 THR 256 LEU 306 ASN 

50 LYS 210 ASN 259 LEU 311 ARG 

51 GLU 211 GLY 260 THR 312 THR 

112 LEU 212 ASN 262 ASN 317 ASN 

114 ARG 213 SER 263 TYR 324 SER 

145 PHE 214 TYR 264 ASP 325 ARG 

146 GLN 215 VAL 265 LEU 326 GLY 

148 GLU 219 SER 266 SER 327 ASN 

149 LYS 220 VAL 267 ASN 328 ILE 

154 ARG 222 ALA 268 ASP   
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Figure 5. 25 A. Displayed the sequence of ETP: grey highlighted residues that were involved 

in catalysis according to Castp analysis. B. The tertiary structure of ETP: Highlighted in Red 

is the predicted pocket. 

Table 5. 6 Residues present in the 1st pocket and predicted to be involved in catalysis according 

to the Castp analysis of ETP structure. 

SeqID AA SeqID AA SeqID AA 

46 ARG 152 ASP 245 ALA 

47 HIS 155 PHE 246 THR 

50 ARG 156 HIS 249 GLU 

52 PRO 157 PRO 250 MET 

53 THR 158 VAL 253 LEU 

54 LYS 159 LYS 280 HIS 

56 PRO 223 MET 283 GLN 

58 LEU 234 ALA 284 PHE 

59 ILE 235 VAL 287 LEU 

62 VAL 236 LYS 288 SER 

118 ASP 237 LEU 297 ARG 

119 VAL 238 HIS 331 HIS 

120 ASP 239 GLY 332 ASP 

122 ARG 242 GLY 333 THR 

151 VAL 243 LEU 334 ASN 

    337 ASN 
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The SignalP analysis revealed that PVP (Figure 5. 26) and ETP (Figure 5. 27) also possessed 

signal peptides. The cleavage site presented in PVP was between A25 and A26. The cleavage 

site presented in ETP was between A27 and T28. This suggested that ETP and PVP had the 

potential for further investigation regarding their structural and functional properties, as they 

both possessed high solubility and could be produced in large quantities. 

The total number of disulfide bonds present in PVP and ETP were 3 and 4 respectively. 

According to ClustalO and superimposition of PVP with KPP and ETP with HAP, the 

conserved cysteines in PVP were: C99, C130, C190, C196, C383, C392, and in ETP were 

C107, C143, C163, C217, C208, C417, and C443. According to Pymol and PIC analysis, the 

disulfide bonds present in PVP were 190C-196C, 383C-392C, 99C-130C, and that in ETP were 

C409-C418, C163-C435, C107-C138, and C208-C217.  

 

Figure 5. 26 SignalP analysis of PVP. 

 

Figure 5. 27 SignalP analysis of ETP. 
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According to the SCooP analysis of PVP (Figure 5. 28) and ETP (Figure 5. 29), the melting 

temperature (Tm) was predicted to be 65˚C and 63.4˚C respectively.  

 

Figure 5. 28 SCooP analysis of PVP 

 

Figure 5. 29 SCooP analysis of ETP. 
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To summarize, the functional analysis of PVP and ETP provided valuable information 

regarding several aspects. It identified conserved residues involved in catalysis and assessed 

solubility. This also provided information related to the potential application of PVP and ETP.  

5.2.3.5 Molecular docking and Molecular dynamics simulation: 

Molecular Docking: Autodock 4 was used to investigate the binding of phytate. The calculated 

binding affinity of PVP (Figure 5. 30) and ETP (Figure 5. 31) was -9.1 and -7.7 kcal/mol 

respectively. ETP and PVP both exhibited the presence of conserved N terminal (RHGXRXP) 

and C terminal (HD). These conserved residues were predicted to interact with phytate via salt 

bridges, attractive charges, hydrogen bonds, carbon-hydrogen bonds, and Pi-Anion 

interactions. There were other residues that helped to enhance the binding of phytate to the 

catalytic pocket of ETP and PVP. In-case of PVP, the predicted residues involved in catalysis 

were: R38, H39, R42, N48, R114, S266, N267, R276, and H303. In-case of ETP, the predicted 

residues involved in catalysis were: R46, H47, R50, R122, H156, H331, R297, T333, S288, 

Q283, K236, K54, and F284.  

 

Figure 5. 30 BioVia Discovery studio used to generate the 2D structure of the PVP phytate 

complex to identify interactions. 
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Figure 5. 31 BioVia Discovery studio used to generate the 2D structure of ETP phytate 

complex to identify interactions.  

In summary, the conserved C-terminal, and N-terminal residues, along with other residues 

interacted with phytate to enable stable binding to the catalytic pocket. The docked structures 

were subjected to molecular dynamics simulation studies at different temperatures to 

understand the stability of PVP and ETP. 

Molecular dynamics simulation:  

The docked PVP and ETP structures were further subjected to molecular dynamic simulation 

at temperatures 300, 350, 400, and 450K for 30ns using GROMACS software 

(https://www.gromacs.org/). The analysis performed consisted of Root Mean Square Deviation 

(RMSD), Root Mean Square Fluctuation (RMSF), Solvent Accessible Surface Area (SASA), 

and Radius of Gyration (Rg) 

RMSD: RMSD analysis reveals the overall conformational dynamics of the protein. RMSD of 

the backbone was calculated. The average RMSD of both PVP (Figure 5. 32) and ETP (Figure 

5. 32) was found to increase as the temperature increased from 300K to 450K. This was due to 

increased thermal energy which consequently increased molecular motions of PVP and ETP. 

The average RMSD of PVP at 300, 350, 400, and 450K was 0.120, 0.150, 0.219, and 0.415nm 

respectively (Figure 5. 32). The average RMSD of ETP at 300, 350, 400, and 450K was 0.16, 

0.22, 0.31, and 0.45nm respectively (Figure 5.32). However, there was an increase in the 
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average backbone RMSD of ETP as compared to PVP. This indicated that the molecular 

motions caused due to thermal energy were less in PVP as compared to ETP at temperatures 

350, 400, and 450K. In summary, RMSD analysis revealed that the overall conformational 

changes in PVP were less than that of ETP. This indicated that PVP was more stable than ETP. 

RMSF: The analysis of root-mean-square fluctuation (RMSF) provided valuable insights into 

the fluctuations and flexibility of PVP and ETP at the residue level, particularly under different 

thermal conditions. RMSF was measured w.r.t backbone. RMSF of both PVP and ETP 

increased due to the increase in the temperature of the system (Figure 5. 33). Residues 

exhibiting RMSF values above 0.2 nm were identified as highly flexible regions, indicating 

increased fluctuation. On the other hand, residues with RMSF values below 0.2 nm were 

considered stable regions, suggesting reduced flexibility. The average RMSF backbone of PVP 

was 0.074, 0.097, 0.129, and 0.240nm at 300,350,400, and 450K respectively (Figure 5. 33). 

The average RMSF backbone of ETP was 0.082, 0.116, 0.160, and 0.287nm respectively at 

300, 350, 400, and 450K (Figure 5. 33). The average backbone RMSF of PVP was less 

compared to ETP which suggested that PVP was more stable than ETP at higher temperatures 

especially at 400 and 450K. In summary, this analysis provides a detailed understanding of the 

dynamic behavior of ETP and PVP, highlighting regions of high and low flexibility in the 

protein structure.  

Rg: The radius of gyration (Rg) is a parameter that reflects the compactness of a protein 

structure and provides insights into its conformational flexibility and folding/unfolding 

behavior. Rg was measured for the backbone. Rg of PVP and ETP structures increased as the 

temperature of the system increased which indicated conformational changes in the PVP and 

ETP structure (Figure 5. 34). The average backbone Rg of PVP at 300, 350, 400, and 450K 

were 2.12, 2.13, 2.13, and 2.15nm respectively (Figure 5. 34). The average backbone Rg of 

ETP at 300, 350, 400, and 450K were 2.187, 2.200, 2.214, and 2.216 respectively (Figure 5. 

34). However, the average backbone Rg of PV was less than that of ET which indicated that 

the structure of PVP is stable at all temperatures as compared to ETP (Figure 5. 34).  

SASA: The solvent-accessible surface area (SASA) represents the total surface area of a 

protein that is accessible to the surrounding solvent molecules. Variations in protein surface 

exposure, influenced by factors such as temperature, provide insights into conformational 

changes, unfolding/folding, and overall protein dynamics. SASA of PVP and ETP increased as 

the temperature increased which indicated that the structure was unfolding at higher 
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temperatures (Figure 5. 35). The average SASA of PVP at 300, 350, 400, and 450K were 171, 

173, 174, and 183 nm2 respectively. The average SASA of ETP at 300, 350, 400, and 450K 

were 181.1, 181, 183, and 192.5nm2 respectively (Figure 5. 35).  However, the average SASA 

of PVP structure was less than that of ETP which indicated less conformational changes in 

PVP compared to ETP (Figure 5. 35). This suggested that PVP was more stable than ETP. In 

summary, molecular dynamics simulation analyses such as RMSD, RMSF, Rg, and SASA 

suggested that PVP structure was stable compared to ETP at different temperatures. 
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Figure 5. 32 Average RMSD analysis of A. PVP backbone, B. ETP backbone, C. bar graph: comparison of PVP vs ETP RMSD values. 
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Figure 5. 33 Average RMSF of A. PVP backbone, B. ETP backbone, C. bar graph: comparison of PVP vs ETP    
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Figure 5. 34 Average Rg of A. PVP backbone, B. ETP backbone, C. bar graph: comparison of PVP vs ETP  
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Figure 5. 35 Average SASA of: A. PVP backbone, B. ETP backbone, C. bar graph: comparison of PVP vs ETP 
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5.3 Experimental validation: 

5.3.1 Introduction: 

Experimental validation experiments are performed along with in-silico characterization. 

Experimental validation includes confirmation about phytase gene in P.vagans and E.tarda, 

cloning of phytase gene from P.vagans and E.tarda, followed by over-expression in E.coli 

BL21(DE3) system, and biochemical characterization (Figure 5. 36). 

 

Figure 5. 36 Overview of the experimental validation. 

5.3.2 Materials and Methods: 

5.3.2.1 Materials (Chemicals, kits, reagents, solutions, plasticware): 

PureLink® Genomic DNA kit (Cat. No. K182001), Primers (Eurofins), 2X PCR Emerald mix,  

NucleoSpin® Gel and PCR Clean-up kit, GeneJET Plasmid Miniprep kit, Thermo Fisher 

(Catalog: K0503), GeneAll® Expin™ PCR SV kit, T4 DNA ligase (Thermo Scientific), 10X 

T4 DNA ligase buffer (Thermo Scientific, Catalog number: B69), Luria Bertin media 

(HiMedia), Isopropyl β-D-Thiogalactopyranoside (IPTG) (MP Biomedicals), Pierce™ 

Disposable Columns (Catalog number: 29922). All chemicals were procured from either 

Sigma-Aldrich, MP Biomedicals, Loba Chemie, or MolyChem. All plasticware utilized in the 

experiments, including 15ml and 50ml falcon tubes, were obtained from SPL Life Sciences 
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Pvt. Ltd., India. NcoI (10U/µl) Thermo Scientific (Catalog number: ER0571), NotI (10U/µl) 

Thermo Scientific (Catalog number: ER0591).  

5.3.2.2 Confirmation of phytase gene in P.vagans and E.tarda: 

The gDNA from P.vagans and E.tarda was isolated by using the PureLink® Genomic DNA 

kit (Cat. No. K182001). The integrity of gDNA was assessed by electrophoresis on 1% agarose 

gel. These extracted gDNA were used as a template to amplify its phytase gene. P.vagans 

consisted of a phyk gene that encodes for phytase, whereas E.tarda consisted of an appA gene 

that encodes for phytase.     

To design primers, the nucleotide sequence of P.vagans (EMBL: ADO08555.1) and E.tarda 

(Accession I.D.: PEH73109) was retrieved from EMBL embedded in the UniprotKB site. The 

extracted gDNA from P.vagans and E.tarda was used to amplify the full length phytase gene 

by using primers as mentioned in Table 5. 7.  

Table 5. 7 Primers used to amplify the full-length phytase gene of P.vagans and E.tarda.  

Full length 

Forward primer for P.vagans phyk gene 

amplification: FP_Pvagansc91_fulllength 

5'- ATG ACG CTG CCA 

ACC CTG TG -3' 

Reverse primer for P.vagans phyk gene 

amplification : RP_Pvagansc91_fulllength 

5'- GGG CAA TAT AAC 

CGA AAC CGG CA -3' 

Forward primer for E.tarda appA gene 

amplification: FP_E.tarda_fulllength 

5'- ATG CGT GAG AGT 

AGG TTA GCT CGG T -3' 

Reverse primer for E.tarda appA gene 

amplification: RP_E.tarda_fulllength 

5'-GCG CGA TGT CGC GCT 

GGG TAA CA-3' 
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The PCR conditions and reaction mixture are mentioned in Table 5. 8 and Table 5. 9 below. 

Table 5. 8 PCR reaction mixture to amplify phytase gene. 

Components Volume/ reaction 

Template* 1μl 

Forward primer (as mentioned in Table 5. 

7) 
1μl 

Reverse primer (as mentioned in Table 5. 7) 1μl 

2X PCR Emerald mix 10μl 

Sterile distilled water 7μl 

Total reaction volume 20μl 

Template*: gDNA of P.vagans and E.tarda.  

Note: Non-template control (NTC) was also included in the process. In the case of an NTC 

reaction mixture included all the above components except the template. Distilled water (1μl) 

was added instead of the template in the NTC reaction mixture.   

Table 5. 9 Phytase gene PCR amplification conditions. 

Steps Temperature (˚C) Time 

Initial denaturation 95 3 min 

Denaturation 95 45 sec 

Annealing 

For P.vagans phyk gene amplification: 54, 56, 58, 

60, 62 64. 
30 sec 

For E.tarda appA gene amplification: 57, 58, 59, 

62, 64, 66 
 

Initial extension 72 1 min 30 sec 

Final extension 72 10min 

Store 4 infinite 

30 

cycles 
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The PCR products were electrophoresed in a 0.8% agarose gel with 1X TAE as the buffer 

medium, at 100 volts against 1 kbp DNA ladder. The PCR product was purified using the gel 

extraction method via NucleoSpin® Gel and PCR Clean-up kit. The resultant amplicons of the 

P.vagans phyk and E.tarda appA gene were also subjected to Sanger’s sequencing with forward 

primer. The Sanger’s sequenced P.vagans full-length phytase gene was aligned with the 

nucleotide sequence of P.vagans (ENA database) to find the presence of conserved N-terminal 

‘RHGVRPP’ sequence. The presence of conserved residues confirmed the presence of the 

phytase gene in P.vagans and E.tarda.     

5.3.2.3 Cloning of phytase gene from P.vagans and E.tarda: 

Amplification of insert with flanked restriction sites sequence at both ends:  

The above amplicons were used as a template to re-amplify phytase gene from P.vagans and 

E.tarda with restriction sites (3’NcoI and 5’NotI) flanked at both sides by using primers 

mentioned in Table 5. 10 below: 

Table 5. 10 Primers used to amplify the phytase gene of P.vagans and E.tarda with flanked 

restriction sites at both ends. 

P.vagans phyk gene 

amplification with flanked 

restriction sites 

Forward primer: 

FP_PvagansNco1 

5'- ATT CCA TGG CGA ATG 

ACG CTG CCA ACC-3' 

Reverse primer: 

RP_PvagansNot1 

5'- ATT GCG GCC GCA ATG 

GGC AAT ATA ACC GA -3' 

E.tarda appA gene amplification 

with flanked restriction sites 

Forward primer: 

FP Nco1_E.tarda 

5'- ATT CCA TGG CGA ATG 

CGT GAG AGT AGG -3' 

Reverse primer: 

RP with 

Not1_E.tarda 

5'-

ATTGCGGCCGCAATGCGC

GATGTCGCGCT-3' 
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The PCR conditions and reaction mixture are mentioned in Table 5. 11 and Table 5. 12 below. 

Table 5. 11 PCR reaction mixture to amplify phytase gene with flanked restriction sites at both 

ends. 

Components Volume/ reaction 

Template* 1μl 

Forward primer (as mentioned in the Table 

5. 10) 
1μl 

Reverse primer (as mentioned in the Table 

5. 10) 
1μl 

2X PCR Emerald mix 10μl 

Sterile distilled water 7μl 

Total reaction volume 20μl 

Template*: The full-length PCR amplicon of P.vagans and E.tarda phytase gene.  

Note: Non-template control (NTC) was also included in the process. In the case of NTC 

reaction mixture included all the above components except the template. Distilled water (1μl) 

was added instead of the template in the NTC reaction mixture.  
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Table 5. 12 Phytase gene PCR amplification conditions:  

Steps Temperature (˚C) Time 

Initial denaturation 95 3 min 

Denaturation 95 45 sec 

Annealing 

For P.vagans phyk gene 

amplification: 58, 60, 62, 

64, 66. 

30 sec 

For E.tarda appA gene 

amplification: 56, 58, 60, 

62, 64, 66 

 

Initial extension 72 1 min 30 sec 

Final extension 72 10min 

Store 4 infinite 

The PCR products (insert) were electrophoresed in a 0.8% agarose gel with 1X TAE as the 

buffer medium, at 100 volts against a 1 kbp DNA ladder. The PCR product was purified using 

the gel extraction method via NucleoSpin® Gel and PCR Clean-up kit.  

Isolation of plasmid for cloning and expression studies:  

E.coli DH5α containing pET29-b was inoculated in LB-Kanamycin broth. This culture was 

used to isolate pET29-b by using the GeneJET Plasmid Miniprep kit, Thermo Fisher (Catalog: 

K0503). The volume of reagents was optimized for a higher yield of the pET29b vector. 

In brief, 5ml of E.coli DH5α containing pET29-b culture was processed. The pellet was 

suspended in 400μl resuspension solution (RNase A was added to the solution), followed by 

the addition of lysis solution. The mixture was gently mixed by inverting 4 times. The tubes 

were incubated for 5min at RT (do not exceed more than 5 min). To neutralize the mixture, 

560μl of Neutralization buffer was added and the mixture was mixed gently. It was centrifuged 

30 cycles 
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at 13,000 rpm for 5 minutes at 4˚C.  The supernatant was removed gently and loaded on the 

spin column without the cloudy precipitate. The column was centrifuged at 11,000 rpm for 1 

minute at room temperature. The flowthrough in the collection tube was discarded, and 700 µL 

pf washing buffer was added. The column was centrifuged at 11,000 rpm for 30 seconds at 

room temperature. This step was repeated twice. The flowthrough in the collection tube was 

discarded, and the spin column was centrifuged at 14,000 rpm for 1 minute at room 

temperature. The spin column was transferred in a fresh Eppendorf tube and 60 µL of elution 

buffer was added. The tube was incubated for 1 minute at room temperature. The tube was 

centrifuged at 14,000 rpm for 2 minutes at room temperature. The isolated pET29-b were 

electrophoresed in a 0.8% agarose gel with 1X TAE as the buffer medium, at 100 volts against 

1 kbp DNA ladder.  

Restriction Digestion of pET29b and insert:  

Restriction digestion was performed as mentioned in Table 5. 13: 

Table 5. 13 Restriction digestion of insert and vector (pET29b). 

Reagent Insert* pET29b 

Sample 40µl 40µl 

Buffer O 5µl 5µl 

NcoI (10U/µl) 4µl 4µl 

NotI (10U/µl) 1µl 1µl 

Total Volume 50µl 50µl 

Note: Insert: phyk gene flanked with NcoI and NotI, and appA gene flanked with NcoI and 

NotI.  

The above mixture was incubated for 4 hours at 37°C in a water bath. It was stored at -20˚C.  

The restricted products were purified by using GeneAll® Expin™ PCR SV kit. The purified 

restricted digested products were used for ligation.  
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Ligation of purified restricted digested insert and pET29b:  

The ligation reaction of purified restricted digested and insert (Test) was set up along with the 

following controls: 

PC: Plasmid control; IC: Insert control; LC: Ligase control.  

The ligation reaction was setup as mentioned in Table 5. 14. 

Table 5. 14 Ligation reaction setup: 

Reagent Test PC IC LC 

Insert* (μl) 2 2 - 2 

Purified restricted digested pET29b (μl) 3 - 3 3 

T4 DNA ligase (μl) 0.5 0.5 0.5 - 

10x T4 DNA ligase buffer (μl) 1 1 1 1 

Nuclease-free water (μl) 3.5 6.5 5.5 4.5 

Total volume (μl) 10 

Note: Insert*: purified restricted digested phyk and appA 

The above reaction was incubated at 16˚C for 16 hrs and stored at -20˚C.  

Competent cells preparation: 

A single colony of E.coli DH5α was inoculated in LB-kanamycin broth and incubated at 37˚C, 

180rpm, 16-18hrs (primary culture). The primary culture (1:100) was inoculated in the fresh 

100ml LB-Kanamycin broth (Secondary culture). The O.D.600nm of the culture should be 0.04-

0.05. The secondary culture was incubated at 37˚C, 180rpm till the O.D.600nm reached up to 

0.3-0.4. It was then incubated in ice for 10min. It was transferred to a prechilled 50ml sterile 

falcon and centrifuged at 6000rpm, 5min, 4˚C. The supernatant was discarded, and the pellet 

was resuspended in total 4ml of chilled 0.1M CaCl2 (In case of 100ml secondary culture, i.e., 

in each 50ml sterile falcon containing pellet: 2ml of the chilled 0.1M CaCl2 was added). The 

resuspended pellet was incubated in ice for 30 minutes (gentle tap mix in between). It was then 

centrifuged at 6000rpm, 5min, 4˚C. The supernatant was discarded, and the pellet was 

resuspended in a total 2ml chilled freezing mixture (0.1M CaCl2 +15% Glycerol). The mixture 
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was aliquoted (100μl) in each prechilled Eppendorf. The competent cells were spread-plated 

on LB-kanamycin and LB plates. It was stored at -80˚C for long-term storage.  

Note: all the reagents, Eppendorf, and falcons used in the competent cell preparation should 

be chilled.  

Transformation:  

Competent cells (100μl) were thawed in ice for 5-10min. The ligated products (Test) and 

controls (PC, IC, and LC) (5μl) each were added in the different competent cell’s aliquots. The 

mixture was gently tapped and mixed. It was incubated in ice for 30 mins. Note: Do not vortex 

competent cells in the process. The heat-shock procedure was conducted for efficient 

transformation. After 30 minutes of incubation, the mixture (Competent cells + ligated 

products) was subjected to 42℃ for 90 seconds. It was then immediately transferred onto ice 

and incubated for 5-6min. For the recovery of the cells, 900 µL of LB broth (making up the 

volume to 1000 µL) was added in each tube and incubated at 37℃ for 1 hour at 180 rpm in an 

incubator shaker. After the recovery step, 100 µL from each tube was spread plated onto the 

LB-Kanamycin agar plates. The remaining 900 µL mixture was centrifuged at 10000 rpm for 

2 minutes. 800 µL of the supernatant was removed from each tube. The pellet was resuspended 

in the remaining 100 µL of the LB broth and 100 µL of this resuspended mixture from each 

tube was spread onto the LB-Kanamycin agar plates. The growth of the colonies was observed.  

Single Colony PCR 

Single colonies from the test plate were randomly selected and patch-plated on an LB-

Kanamycin agar plate. The plate was incubated at 37˚C, overnight. These colonies were used 

for single colony PCR (SCP).  

Each of these patch-plated colonies was suspended in 50μl of sterile distilled water with the 

help of sterile 10μl tips. Only sterile distilled water was kept in control. Individual 

transformants were lysed in water with a short heating step at 95°C for 10 minutes. Centrifuge 

at 10,000 rpm for 5 minutes. This brief spin will settle down the debris. 5µl of supernatant was 

used as the template. The following was the PCR reaction mixture (Table 5. 15) and conditions 

(Table 5. 16). 
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Table 5. 15 Single colony PCR reaction mixture. 

Reagents Volume per reaction 

Emerald 2X 10μl 

T7 promoter* 1μl 

T7 terminator* 1μl 

Distilled water 3μl 

Template 5μl 

Total Volume 20μl 

Note:  

*T7 promoter:  TAATACGACTCACTATAGGG ;  

*T7 terminator: GCTAGTTATTGCTCAGCGG.  

Table 5. 16 Single colony PCR reaction conditions. 

Steps Temperature (°C) Time Cycles 

Initial Denaturation 95°C 3 min 1 

Denaturation 95°C 45 sec 

       30 Annealing 55°C 30 sec 

Initial Extension 72°C 90 sec 

Final Extension 72°C 10 min 1 

Storage 4°C infinite  

PCR products were resolved in 0.8% agarose gel. The positive clones were identified if the 

amplicon size was 1.5kbp, whereas the negative clones were identified if the amplicon size was 

250bp.  
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5.3.2.4 Over-expression of phytase in E.coli BL21(DE3) host system and purification of 

phytase enzyme: 

Over-expression of phytase in E.coli BL21(DE3) host system:   

The recombinant constructs (phyk-pET29b and appA-pET29b) were isolated by using 

GeneJET Plasmid Miniprep kit, Thermo Fisher (Catalog: K0503). It was transformed into the 

host system i.e., E.coli BL21(DE3) competent cells. The transformed colonies were patch-

plated on an LB-Kanamycin agar plate. Individual colonies were inoculated in 5ml LB-

Kanamycin broth and incubated at 37˚C, 180rpm, overnight. They were isolated on an LB-

Kanamycin agar plate. A single colony from each plate was inoculated in fresh 5ml LB-

Kanamycin broth and incubated at 37˚C, 180rpm, 16-18hrs (primary culture). 1ml of the 

primary culture was inoculated in fresh 99ml of LB-Kanamycin broth (i.e., 1:100 dilution) 

(secondary culture). It was then incubated at 37˚C, 180rpm. The O.D.600nm of the secondary 

culture should be 0.6-0.8, followed by induction. The culture containing phyk-pET29b was 

induced with 1mM IPTG and incubated at the optimized conditions i.e., 33˚C, 120rpm, 20hrs 

(for phyk-pET29b recombinant constructs). In the case of appA-pET29b recombinant 

construct, we performed induction at different IPTG concentrations (0.25, 0.5, 1, and 1.5mM) 

and temperatures (15, 20, 25, and 30˚C).    

Cell lysis:  

In both cases, the induced culture was pelleted by centrifugation at 10,000 rpm, 10 minutes, at 

RT. Each pellet was resuspended in 3ml of lysis buffer (25mM Tris-base + 300mM NaCl). In 

total 30ml cell suspension was collected in the glass beaker. 200 µL of 1X EDTA-free protease 

inhibitor cocktail was added. It was then subjected to sonication by using a Q125 Sonicator- 

#4420 probe. The sonication conditions were 125 watts, 20 kHz, and 30% intensity, 10sec ON 

and 10sec OFF for a total of 1hr. After sonication, the cell lysate was centrifuged at 11,000 

rpm for 30 minutes at 4℃. The supernatant was collected and stored at -20˚C for further steps 

of purification.           

Purification of phytase by using Immobilized metal affinity chromatography: 

His60NiSuper Flow resin was used for purification. 1ml of resin was poured into the 5ml 

Pierce™ Disposable Columns (Catalog number: 29922). The storage buffer was allowed to 

pass through the column. The beads trapped in the column were washed with 10ml Milli-Q 

water. 5ml of equilibration buffer (50mM Tris, 300mM NaCl, 10mM Imidazole, pH7) was then 
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added to the column and the flow-through was discarded. This helps in equilibrating the beads. 

The beads were then removed from the column by adding approx. 2-3 ml of cell lysate and 

gently mixed. This was collected in the fresh 50ml falcon. This process was done multiple 

times till all the beads were removed from the column. This mixture was then incubated at 4°C 

overnight for binding on the rocker at a gentle speed. The mixture was added into the column 

again, in batches. The flow through of this step was collected and labeled as (FT). 10ml of 

wash buffer (50mM Tris, 300mM NaCl, 40mM Imidazole, 5% glycerol, pH7) was added to 

the column and the flow-through was collected (Labeled as Wash). The nozzle was kept closed 

as 5ml of elution buffer (50mM Tris, 300mM NaCl, 450mM Imidazole, 5% glycerol, pH7) was 

added to the column. The nozzle was opened to collect the flow-through after five minutes and 

this elution was collected in a volume of 0.5ml in each microcentrifuge tube (E1-9: 9 elution 

fractions were collected). The protein concentration was measured using nanodrop and the 

absorbance of the samples was taken at A280nm. The E1-E9, FT, and wash fractions were 

resolved on 10% SDS-PAGE gel.  

The dialysis was performed by using a dialysis buffer (20mM Tris, 150mM NaCl, 3% glycerol, 

pH7). For dialysis: Elution fractions 1, 2, 3, and 4 were combined as they exhibited higher 

protein concentration as compared to other elution fractions. This combined fraction was 

dialyzed (Labeled: fraction 1). Elution fractions 4-8 were pooled together in another dialysis 

bag (labelled: fraction 2). The dialyzed fractions were resolved on 10% SDS-PAGE gel.  The 

protein concentration was checked after dialysis using nanodrop at A280nm.   

5.3.2.5 Biochemical characterization of phytase:  

Standard KH2PO4 reaction setup:  

The standard to estimate the released inorganic phosphate was constructed by using potassium 

dihydrogen phosphate (KH2PO4) at concentrations ranging from 0.1 μmoles/ml to 2 μmoles/ml 

(Table 5. 17). The termination buffer was freshly prepared by adding 5% ammonium 

molybdate: 5N H2SO4 : Acetone 100%    (1:1:2)  
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Table 5. 17 Reaction setup for KH2PO4 standardization. Stock solution of KH2PO4: 50mM. 

Stock solution of phytate: 44mM. The absorbance was measured at 400nm.  

KH2PO4 

concentration 

(μmoles/ml) 

KH2PO4 

(ml) 

Distilled 

water 

(ml) 

Phytate 

(ml) 

Distilled 

water 

(ml) 

Incubation 

(Temperature 

and Time) 

Termination 

buffer (ml) 

0.1 0.002 0.048 

0.05 0.4 
37˚C for 30 

min 
0.5 

0.25 0.005 0.045 

0.5 0.010 0.040 

1 0.020 0.030 

1.5 0.030 0.020 

2 0.040 0.010 

50 0.050 - 

Blank - 0.050 

Standard reaction setup to estimate phytase activity of purified phytase:  

The modified Heinonen method (Suleimanova et al., 2015)  (Nagar et al., 2021) was used to 

estimate the release of inorganic phosphate. The standard reaction setup for estimating total 

inorganic phosphate in the test sample (purified PVP was used) was prepared as per the 

following Table 5. 18. One unit (U) of phytase activity was defined as the amount of phytase 

required to liberate 1μmol of inorganic phosphorous per minute at 37˚C. 

Table 5. 18 Standard reaction setup for estimating phytase activity of purified phytase.   

Reagents Test Enzyme blank 

Substrate (μl) 50 50 

Enzyme/ dialysis buffer (μl) 2 of purified phytase 2 of dialysis buffer 

Reaction buffer (μl) 448 

Incubate at 37˚C for 30min 

CRS (μl) 500 

Absorbance measurement 400nm 
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Effect of pH on phytase activity:   

To estimate optimum pH: 0.1M Glycine-HCl (pH 3), and 0.1M Sodium acetate (pH 4, 4.5, 5.5, 

and 6) pH buffer systems were used in the above standard reaction setup to estimate phytase 

activity of purified PVP. The graph of % relative specific activity vs pH was plotted.  

Effect of temperature on phytase activity:  

To estimate optimum temperature: the standard assay was carried out at 25, 30, 40, 50, 55, 60, 

65˚C. The graph of % relative specific activity vs temperature (˚C) was plotted. 

5.3.3 Results 

5.3.3.1 Confirmation of phytase gene in P.vagans and E.tarda: 

According to UniProtKB, phytase genes presented in P.vagans and E.tarda were phyk and 

appA respectively. The study started with amplification of phytase gene from P.vagans and 

E.tarda by using gDNA (Figure 5. 37) as a template.  

 

Figure 5. 37 Isolation of gDNA from A. P.vagans, B. from E.tarda by using the PureLink® 

Genomic DNA kit. 
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The primers were designed to amplify full-length phytase genes. The expected size of amplicon 

(approximately 1.3 kbp -1.4 kbp phytase gene of P.vagans and E.tarda) was observed on 0.8% 

agarose gel (Figure 5. 38). 

 

Figure 5. 38 A. Full-length P.vagans phyk gene PCR amplicons at different annealing 

temperatures. B. Full-length E.tarda appA gene PCR amplicons at different annealing 

temperatures. 

These amplicons were gel purified (Figure 5. 39) and subjected to Sanger’s sequencing 

(Figure 5. 40). The sequencing results revealed the presence of conserved residues which were 

important for catalysis. Blastn analysis of the sequenced full-length P.vagans amplicon and 

E.tarda amplicon was performed. In -the case of P.vagans analysis, the hit found was P.vagans 

C9-1 (Sequence I.D.: CP002206.1), and in-case of E.tarda analysis, the hit found was E.tarda 

(Sequence I.D.: CP084506.1).   In summary, the PCR amplification and sequencing results 

confirmed the presence of the phytase gene in P.vagans and E.tarda. The full-length phytase 

gene from both P.vagans and E.tarda was then cloned and over-expressed as described below. 
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Figure 5. 39 Gel purified A. P.vagans phytase gene PCR amplicon , B. E.tarda phytase gene 

used for Sanger’s sequencing.   
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Figure 5. 40  A. Snippet of the P.vagans phytase gene electrogram: The red highlighted 

nucleotide sequence codes for the conserved N-terminal ‘RHGVRPP’ protein sequence. The 

presence of this sequence confirms the presence of the phytase gene in P.vagans. B. Snippet 

of the alignment constructed in Serial cloner: Seq_1: Sanger’s sequenced P.vagans full-length 

phytase gene aligned with the  Seq_2: Nucleotide sequence of P.vagans (ENA database) which 

was used for primer designing. The P.vagans full-length phytase gene exhibited the presence 

of a conserved N-terminal ‘RHGVRPP’ protein sequence (Highlighted in red).C. Snippet of 

the E.tarda phytase gene electrogram: The red highlighted nucleotide sequence codes for the 

conserved N-terminal ‘RHGVRAP’ protein sequence. The presence of this sequence confirms 

the presence of phytase gene in E.tarda. D. Snippet of the alignment constructed in Serial 

cloner: Seq_1: Nucleotide sequence of E.tarda from ENA database which was used for primer 

designing aligned with the Seq_2: Sanger’s sequenced E.tarda full-length phytase gene. The 

E.tarda full-length phytase gene exhibited the presence of a conserved N-terminal 

‘RHGVRAP’ protein sequence (Highlighted in red).   
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5.3.3.2 Cloning of phytase gene from P.vagans and E.tarda: 

This study involved re-amplification of the phytase gene from both P.vagans and E.tarda 

(obtained from the previous step) by using primers possessing restriction sites on both ends 

(3’NcoI and 5’NotI) (Figure 5. 41).  

 

 

Figure 5. 41 Full-length phytase gene from: A. P.vagans and, B: E.tarda flanked with NcoI 

and NotI restriction sites at the different annealing temperatures.   
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pET29b plasmid was used for cloning and over-expression of phytase from both P.vagans and 

E.tarda. It was isolated by using GeneJET Plasmid Miniprep kit, Thermo Fisher (Figure 5. 42) 

. The supercoiled pET29b form was more than 90%.  

 

Figure 5. 42 pET29-b plasmid isolated by using GeneJET Plasmid Miniprep kit, Thermo 

Fisher. 

The resultant amplicons and isolated vectors i.e., pET29-b were subjected to restriction 

digestion by using restriction enzymes NcoI and NotI. The restriction products were purified 

and separated into 0.8% agarose gel (Figure 5. 43).  
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Figure 5. 43 Restriction digestion with NcoI and NotI restriction enzymes of the following 

samples: A. purified P.vagans phyk gene, and isolated pET29b, B. Purified E.tarda appA gene 

and isolated pET29b.   

The restricted amplicons and vector were ligated and resulted in two systems i.e., phyk-pET29b 

recombinant construct (from P.vagans) and appA-pET29-b construct (from E.tarda). These 

recombinant constructs were separately transformed in E.coli DH5α host system. Positive 

clones were identified by single colony PCR (Figure 5. 44). According to the SCP, the positive 

clones (recombinant construct: phyk-pET29b and appA-pET29-b) exhibited an amplicon size 

of around 1.4kbp, whereas negative clones (only pET29b) exhibited an amplicon size of around 

250bp.   
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Figure 5. 44 Single Colony PCR of: A.  phyk-pET29b recombinant construct (from P.vagans) 

and, B. appA-pET29-b construct (from E.tarda).  

 



 

Chapter 5 

Sunandan Divatia School of Science, SVKM’s NMIMS (Deemed-to-be) University   177 

The positive phyk-pET29-b and appA-pET29-b constructs were used for over-expression in 

the E.coli BL21(DE3) system. The sequencing of the recombinant construct enabled us to 

confirm that there was a no-frame shift and expected to yield an active phytase enzyme upon 

over-expression (Figure 5. 45). 

  

 

Figure 5. 45 A. Snippet of the phyk-pET29-b (from P.vagans) gene electrogram: The red 

highlighted nucleotide sequence codes for the conserved N-terminal ‘RHGVRPP’ protein 

sequence. B. Snippet of the alignment constructed in Serial cloner: Seq_1: Sanger’s sequenced 

phyk-pET29-b (from P.vagans) gene aligned with the  Seq_2: In-silico ligated product (phyk-

pET29b) built-in Serial cloner. The phyk-pET29b construct exhibited the presence of a 

conserved N-terminal ‘RHGVRPP’ protein sequence (Highlighted in yellow). C. Snippet of 

the E.tarda phytase gene electrogram: The black highlighted nucleotide sequence codes for the 

conserved N-terminal ‘RHGVRAP’ protein sequence. D. Snippet of the alignment constructed 

in Serial cloner: Seq_1: Nucleotide sequence of E.tarda from ENA database which was used 

for primer designing aligned with the Seq_2: Sanger’s sequenced appA-pET29b construct. The 

appA-pET29b construct exhibited the presence of a conserved N-terminal ‘RHGVRAP’ 

protein sequence (Highlighted in red).   
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5.3.3.3 Over-expression of phytase gene in E.coli BL21(DE3) host system and 

purification of phytase enzyme: 

This study involved the transformation of positive recombinant constructs phyk-pET29-b and 

appA-pET29-b in separate E.coli BL21(DE3) host systems. The over-expression of phytase 

was performed by using 1mM IPTG as inducer at 33˚C, overnight. The over-expressed PVP 

was purified using the Immobilized Metal affinity chromatography technique (IMAC) via 

His60NiSuperflow resins. PVP (approximately 43kDa) was found to be overexpressed in the 

E.coli BL21(DE3) host system (Figure 5. 46). It was dialyzed for further analysis (Figure 5. 

47). The quantity of purified PVP after dialysis was measured at absorbance (A280 nm) by using 

an Epoch microplate reader. We obtained 0.6mg/ml (Fraction 1) and 0.1 mg/ml (fraction 2) 

purified PVP. The purified PVP was then subjected to biochemical characterization i.e., pH 

and temperature optima.  

ETP failed to over-express to the optimum level even after multiple attempts of varying 

temperatures, rpm conditions, and IPTG concentrations (Figure 5. 48). Hence, was did not 

select it for rational engineering.  

 

Figure 5. 46 PVP purified by using Immobilized Metal affinity chromatography technique 

(IMAC) via His60SF resins and resolved on 10% SDS-PAGE gel: A. Elution fractions (E1-

E8), B. Elution fraction 9, along with Flowthrough (FT), and Wash fraction (Wash).  
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Figure 5. 47 Purified PVP after dialysis (Fraction 1 and 2) resolved on 10% SDS-PAGE gel. 

 

Figure 5. 48 ETP purified by using Immobilized Metal affinity chromatography technique 

(IMAC) via His60NiSF resins and resolved on 10% SDS-PAGE gel: A. Elution fractions 

(E1-E8), B. Elution fraction 9, along with Flowthrough (FT), and Wash fraction (Wash). 



 

Chapter 5 

Sunandan Divatia School of Science, SVKM’s NMIMS (Deemed-to-be) University   180 

5.3.3.4 Biochemical and Biophysical characterization of PV phytase: 

The optimum pH and temperature of PV phytase were pH4, (Figure 5. 49) and 40˚C (Figure 

5. 50) respectively. KH2PO4 was kept as a standard to analyze the release of inorganic 

phosphate (Figure 5. 51). 

 

 

Figure 5. 49 Effect of different pH buffer (3, 3.5, 4, 4.5, 5, 5.5, and 6) conditions on PVP 

activity. 

 

Figure 5. 50 Effect of different temperature conditions on PVP.  
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Figure 5. 51 KH2PO4 was used as a standard to analyze the release of inorganic phosphate at different pH conditions (pH3, 3.5, 4, 4.5, 5, 5.5, and 

6). 
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5.4 Discussion: 

In-silico characterization of novel enzymes helped to gain information about their primary 

sequence, secondary structure, and tertiary structure along with the functional, evolutionary 

relationship with the experimentally proven homologs, and dynamics studies via molecular 

dynamic simulations. E.g., Pramanik et.al. performed In-silico characterization of 

Pseudomonas aeruginosa phosphatase by using various computational tools to exploit its 

physicochemical characteristics, secondary and tertiary structure, phylogenetic assessment, 

and functional analysis (Pramanik et al., 2017).  There are various other enzymes such as 

thermostable chitinase II (Iqbal et al., 2015), Cellobiohydrolase (Dadwal et al., 2022) including 

phytases (Gontia-Mishra et al., 2014) which were characterized by using computational 

tools/servers/software. 

In the present study, In-silico characterization of PVP and ETP was conducted to gain insights 

into the overall structural, functional, and dynamics behavior. This study involved primary 

sequence, secondary structure analysis, tertiary structure modeling plus validation, and 

phylogenetic and functional assessment by using various computational tools/servers/software. 

It also involved molecular docking and molecular dynamic simulation studies to examine its 

behavior at different temperatures.  

The primary sequence analysis suggested that PVP and ETP both belonged to the histidine acid 

phosphatase superfamily. The closest homolog of PVP and ETP were KPP and HAP 

respectively. The known experimentally validated phytases such as Klebsiella (Böhm et al., 

2010b), Hafnia (Ariza et al., 2013), E.coli (Lim et al., 2000), and many others also belong to 

the same superfamily. The overall primary sequence analysis also suggested that PVP was 

thermostable and exhibited better interaction with the surrounding solvent as compared to ETP. 

The secondary structure analysis revealed that the topology of ETP and PVP were like each 

other.  

The analysis of tertiary structures demonstrated that PVP and ETP possess similar 

characteristics, consisting of α and α/ß domains, with the catalytic site situated at the interface 

between these domains. The crystal structures of Klebsiella (Böhm et al., 2010b) and Hafnia 

(Ariza et al., 2013) also exhibited a comparable organization to PVP and ETP. Examination of 

the catalytic sites in PVP and ETP revealed the presence of conserved regions, namely 

RHGXRXP at the N-terminal and HD at the C-terminal, which resemble the corresponding 
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regions in Klebsiella (Böhm et al., 2010b) and Hafnia (Ariza et al., 2013). These findings 

strongly suggest that PVP and ETP can degrade phytate through a two-step mechanism, similar 

to the experimentally characterized phytases of Klebsiella (Böhm et al., 2010b) and Hafnia 

(Ariza et al., 2013). Despite having a sequence identity below 70% with the template, PVP and 

ETP exhibited structural similarity to their template structures. The validation of the tertiary 

structure suggests the accuracy and reliability of the modeled tertiary structure. The validation 

results revealed that the PVP structure was more reliable as compared to that of ETP.  

Tm values of protein determine the thermal stability of the protein. According to SCooP 

analysis, PVP was thermostable compared to that of ET. The results of the primary sequence 

analysis corroborate these observations.   

Molecular dynamic simulation of protein helps to understand the conformational dynamics of 

protein. It also provides insights into structural changes and flexibility at different 

temperatures. E.g., Wang et.al. used molecular dynamic simulation (MDS) to understand the 

effect of temperature on the structure and function of Chitosanase (Wang et al., 2023). 

Similarly, Hua et.al. used MDS to study the stability of Glutamate Decarboxylase (Hua et al., 

2020). Many researchers have utilized molecular dynamics simulation to gain insights into the 

conformational dynamics of various enzymes including phytases such as Aspergillus niger 

phytase (K. Kumar et al., 2015) and E.coli (Shivange et al., 2010) phytase. In the present study, 

molecular dynamic simulation was conducted to understand the conformational dynamics of 

PVP and ETP at different temperatures (300 to 450K for 30ns). The MDS analysis, especially 

the average Rg, SASA analysis revealed that PVP was stable as compared to ETP.  

Overall, the combined analysis of primary sequence, tertiary structure, validation, and 

molecular dynamics simulation provides valuable insights into the structural characteristics and 

dynamics of PVP and ETP, highlighting PV's thermostability and stability compared to ETP. 

Experimental validation along with in-silico characterization enables researchers to acquire a 

more comprehensive understanding of enzyme characteristics. In this study, experimental 

validation of both PVP and ETP was conducted to shortlist one candidate (either PVP or ETP) 

based on the results. The steps involved in experimental validation were full-length phytase 

gene confirmation via PCR amplification by using suitable primers, cloning, and over-

expression, followed by biochemical characterization (effect of pH and temperature). The full-

length phytase genes of PVP and ETP were approximately 1.3 and 1.4kbp in size. This size of 

the gene was comparable to that of experimentally validated phytase genes e.g., Hafnia phytase 
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(Ariza et al., 2013), E.coli phytase (Abeldenov et al., 2017) and Klebsiella phytase (Sajidan et 

al., 2004). The full-length PVP and ETP genes were cloned in the pET29-b vector and 

transformed in the E.coli DH5α host system and over-expressed in E.coli BL21(DE3). PVP 

was found to be produced in large quantities as compared to that of ETP. Hence, only PVP was 

purified using IMAC. The size of PVP was found to be approximately 43kDa which was 

comparable to its closet homolog Klebsiella phytase (Sajidan et al., 2004) (Böhm et al., 2010b). 

The purified phytase was biochemically characterized. The optimum pH of PVP was found to 

be pH4 and the optimum temperature was 40˚C which was similar to Klebsiella phytase 

(optimum pH 5 and optimum temperature 45˚C) (Böhm et al., 2010b) .    

In summary, the selection of PVP for rational engineering was based on a combination of in 

silico characterization and experimental validation analyses. 

5.5 Summary and Conclusion: 

In our present study, we focused on in-silico characterization of PVP and ETP using various 

computational tools to understand their structural, functional, and dynamic behavior. PVP and 

ETP belong to the histidine acid phosphatase superfamily, sharing similarities with 

experimentally validated phytases. Analysis revealed that PVP exhibited thermostability and 

stronger solvent interactions compared to ETP. Tertiary structure examinations indicated that 

both PVP and ETP possess similar structures and conserved catalytic sites, suggesting a shared 

phytate degradation mechanism akin to known phytases. Despite sequence differences, both 

enzymes showed structural resemblance to their templates, validated through modeling 

assessments. 

Additionally, thermal stability analysis and molecular dynamics simulations supported PV's 

stability over ETP. Experimental validation involving gene confirmation, cloning, over-

expression, and biochemical characterization favored PVP, which produced larger quantities 

and exhibited properties akin to Klebsiella phytase, a well-established enzyme. Notably, PV's 

optimum pH and temperature closely resembled that of Klebsiella phytase. 

The integrated approach of in-silico characterization and experimental validation led to the 

selection of PVP for potential rational engineering.  
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In-silico hotspot identification and experimental validation 

of shortlisted phytase 

6.1 Introduction: 

This study aimed to investigate and identify regions or specific amino acid residues in PVP 

that contribute to its thermos-sensitivity. Various in-silico tools, software, and servers were 

utilized to analyze and identify these regions. Subsequently, computational methods were 

employed to suggest amino acid substitutions that could enhance stability. 

The computational methods provided a list of mutant variants based on the calculated ΔG and 

ΔΔG (kcal/mol) values using the FoldX software. The mutants and wild type were synthesized 

and subjected to experimental validation to gain a deeper understanding of the stability of the 

novel PVP variants. 

6.1.1 In-silico hotspot identification:  

Protein engineering methodologies, such as rational or semi-rational strategies, and directed 

evolution, provide avenues to improve enzyme attributes like thermostability, resistance to 

degradation, and achieving stability across different pH ranges. E.g., Huang et.al. enhanced the 

thermostability of phospholipase D (PLD) by using directed evolution (Huang et al., 2020). 

Shivange et.al., used the directed evolution method to improve the thermostability of Yersinia 

mollaretii phytase (Shivange et al., 2012). Li et.al. improved the activity and stability of 

alkaline protease from Bacillus clausii by using directed evolution (Li et al., 2021). Directed 

evolution necessitates screening many colonies to identify enzymes exhibiting traits, resulting 

in increased expenses and time consumption (L. Li et al., 2022). Hence, rational engineering is 

used to overcome the limitations of directed evolution. E.g., Tan et.al. used rational engineering 

to enhance the thermostability of a novel acidobacteria-derived phytase (Tan et al., 2016). Zu 

et al. enhanced the thermostability of xylanase XynA through a rational engineering approach, 

which involved decreasing surface entropy (Zhu et al., 2023).  

6.1.2 Experimental validation:  

Experimental validation plays a vital role in enzyme engineering by confirming predictions, 

evaluating performance, assessing stability and functionality, refining design approaches, and 

ensuring the stability of mutants. This validation process significantly improved the credibility 
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and practical applicability of enzyme engineering strategies. E.g., Li et.al., identify hotspots in 

Candida rugosa lipases to enhance thermostability, and further experimentally validate the 

predictions via site-directed mutagenesis to generate predicted mutants, protein over-

expression, purification, estimate pH, temperature, catalytic efficiency, and activity (G. Li et 

al., 2018a). Yang et.al., modified α-L-arabinofuranosidase by using structure-based rational 

engineering. In this study, the predicted mutants were constructed via site-directed 

mutagenesis, cloned, expressed, purified, and characterized (Yang et al., 2016). There are many 

other enzymes such as xylanase (Yang et al., 2007), β-Glucosidase (Zong et al., 2015), lipase 

(Zhang et al., 2019), feruloyl esterase (Yang et al., 2022),  and phytase (Gordeeva et al., 2019) 

that were also experimentally validated.  

6.2 In-silico hotspot identification:  

6.2.1 Introduction: 

The in-silico hotspot identification involves the use of diverse tools, servers, or software like 

Disulfide by Design 2.0, Consensus Finder, Consurf, manual consensus, Fireprot, 

Conformational Alphabet-Based Structure Flexible Fitting (CABSFLEX), and FOLDX 

position scan (Figure 6. 1). These methods collectively aid in pinpointing hotspots within PVP. 

Further details regarding each method are outlined below. 

 

Figure 6. 1 Overview of in-silico hotspot identification by hotspots by various methods. 
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Note: CCM: Consensus Finder + Consurf + manual consensus, MDS: Molecular Dynamics 

Simulations, CABSFLEX (Conformational Alphabet-Based Structure Flexible Fitting), 

Common of hotspot wizard and firepot (HS-FP) method. 

6.2.2 Materials and Methods: 

6.2.2.1 General Procedure: 

a. Identified in-silico hotspots within the PVP structure using the methods mentioned 

below. 

b. Performed desired substitutions of amino acid(s) within the wild-type protein sequence. 

c. Uploaded the modified/mutant sequence onto the SWISS-MODEL online platform to 

generate homology models of the structure. 

d. Employed the FOLDX repair module to rectify the mutant and wild-type PVP 

structures. 

e. Compare the ∆G value of the repaired wildtype (WT) PVP, which was -87.4kcal/mol, 

with the ∆G value of the mutants. Mutants with a ∆G value <-87.4kcal/mol were 

shortlisted for further consideration. 

We have listed below different methods to find potential hotspots, thereby generating mutants 

to improve the stability of PVP:   

6.2.2.2 Disulfide by Design (D2D)  

The structure of PVP was uploaded on the D2D online platform 

(http://cptweb.cpt.wayne.edu/DbD2/) (Craig and Dombkowski, 2013) (Dombkowski, 2003). 

The criteria to generate the first list were as follows: 

a. Optimum Chi3 angle: +97/-87 with Tolerance: 5  

b. Optimum Ca-Cb-S angle: 114.60 with Tolerance: 6 

This list underwent filtration based on the subsequent criteria: 

a. Exclusion of hotspots involved in native disulfide bond formation. 

a. Elimination of hotspots lacking a distance of at least 20 amino acids between them. 

b. Removal of amino acids positioned within proximity of 5Å from the catalytic site. 

The mutants shortlisted through this method underwent modeling and subsequent processing 

following the steps outlined in the 'Common steps' methodology mentioned earlier. 

http://cptweb.cpt.wayne.edu/DbD2/
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6.2.2.3  Consensus Finder, Consurf, and manual consensus (CCM) method: 

a. Consensus Finder (http://kazlab.umn.edu/) (Xiong et al., 2022): The PVP sequence file 

was uploaded to the online server, generating an initial list of potential mutants. This 

list underwent refinement utilizing Consurf, as detailed below. 

b. Consurf (https://consurf.tau.ac.il/consurf_index.php) (Ashkenazy et al., 2016): 

Hotspot residues (from the initial list) with a conservation score exceeding 6 were 

excluded. This process resulted in the creation of a second list of shortlisted mutants, 

which then underwent manual consensus. 

c. Manual consensus: 

A multiple sequence alignment was established by aligning PVP with reference 

sequences like 1DKM (Escherichia coli phytase), 3ZHC (Citrobacter braakii phytase), 

4ARV (Yersinia kristensenii phytase), and 4ARS (Hafnia alvei phytase). The consensus 

residues of PVP hotspots (shortlisted in the second list) were noted within each 

alignment. Each of these identified hotspots underwent substitution by the 

recommended amino acids (as suggested by the manual consensus and Consensus 

Finder method) to enhance the stability of the PVP structure. 

The mutants shortlisted through this method were then subjected to modeling and processed 

following the 'Common steps' methodology mentioned previously. 

6.2.2.4 Literature: 

This method involved modifying PVP by replicating specific mutations previously documented 

in E. coli phytase, which are known to enhance thermostability (Li et al., 2019a); (Kim and 

Lei, 2008a); (Chen and Tw, 2018); (Wang et al., 2015); (Fakhravar and Hesampour, 2018); 

(Zhang et al., 2016). These mutations were introduced into the corresponding residues of PVP. 

The mutants shortlisted through this approach underwent modeling and further processing 

following the 'Common steps' methodology mentioned earlier. 

6.2.2.5 Hotspot Wizard (HS): 

The Hotspot Wizard (Bendl et al., 2016) incorporated several features like Functional hotspots, 

Stability hotspots by structural flexibility, and stability hotspots by sequence consensus to 

detect hotspots within PVP. 

a. For Functional hotspots and Stability hotspots by structural flexibility, residues 

involved in correlated positions, catalytic pockets, and tunnels were excluded. 

http://kazlab.umn.edu/
https://consurf.tau.ac.il/consurf_index.php
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b. Regarding stability hotspots by sequence consensus features, correlated positions, 

catalytic pockets, and tunnels were also excluded. 

Following the exclusion criteria, the mutants shortlisted by this method underwent modeling 

and further processing as detailed in the previously mentioned 'Common steps' methodology. 

6.2.2.6 Fireprot (FP): 

The PVP structure was used to identify mutations by considering energy, evolution, and a 

combination of both features (Musil et al., 2017). Automated calculations were utilized, 

applying specific parameters. Key residues involved in catalysis (R38, H39, G40, V41, R42, 

P43, P44, H303, and D304) were specifically selected. 

The initial list of mutants was generated using all three approaches. This list underwent 

refinement based on the following criteria: 

a. For the combined mutant list: Only mutants exhibiting the highest stability concerning 

FOLDX/ROSETTA values were retained. 

a. For the Evolution mutant list: Only mutants with the highest FOLDX (kcal/mol) value 

combined with the highest BTC by majority and BTC by ratio were selected. 

Subsequently, the mutants shortlisted using this method underwent modeling and further 

processing following the 'Common steps' methodology outlined earlier. 

6.2.2.7 Common mutation between HS and FP: 

Several mutants were shared between the HS and FP methods. These shortlisted mutants, 

identified through this commonality, underwent the modeling and processing steps outlined in 

the previously described 'Common steps' methodology. 

6.2.2.8 CABSFLEX (Conformational Alphabet-Based Structure Flexible Fitting) + 

Fireprot combination method:  

The PVP structure was utilized as an input, using default parameters, which generated a list of 

amino acid numbers paired with their respective RMSF values. A selection was made of amino 

acids showing RMSF values exceeding 1. This list was compared to the mutant list generated 

by the Fireprot method. Mutants that corresponded to RMSF values >1 were identified and 

shortlisted. 

Subsequently, the mutants shortlisted through this process were subjected to modeling and 

processed following the 'Common steps' methodology as previously outlined. 
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6.2.2.9 FOLDX position scan: 

All suggested mutants from various methods, excluding those forming disulfide bonds, were 

compiled. Hotspots located more than 5Å away from the catalytic site were chosen, resulting 

in the initial list of mutants. Mutants showing positive ∆∆G values were removed, leading to 

the creation of the second list. The second list was then filtered based on a requirement of ∆∆G 

values less than -2kcal/mol, generating the third list of mutants. If a hotspot was mutated to 

multiple amino acids, such as G295 being altered to G295V, G295M, G295W, and G295F with 

∆∆G < -2kcal/mol, it was included in the shortlisted mutants. 

Following this selection process, the mutants identified through this method were further 

subjected to modeling and processed using the steps outlined in the 'Common steps' 

methodology. 

6.2.2.10 MDS + FOLDX Position Scan: 

The process began by identifying residues with RMSF values exceeding 0.2nm. This initial list 

of hotspots was then refined by considering their proximity to the catalytic site, excluding those 

within <5Å. The resulting list of mutants underwent further filtering based on the ∆∆G value 

obtained from the FOLDX position scan. Only residues showing a ∆∆G value of <-2kcal/mol 

were included in the shortlisted mutants. 

Following this selection process, the mutants identified through this method were subjected to 

modeling and processed using the steps outlined in the 'Common steps' methodology. 

6.2.3 Results: 

6.2.3.1 Disulfide by Design (D2D):  

The web-based tool Disulfide by Design 2.0 (Craig & Dombkowski, 2013), was employed to 

identify specific amino acids within PVP that could be exchanged with cysteine, creating new 

disulfide connections. This introduction of fresh disulfide bonds aimed to enhance the 

conformational stability of PVP. As a result of this analysis, two mutants were shortlisted: 

N282C, V410C with a ∆G of -89.49 (kcal/mol), and Y394C R347C with a ∆G of -91.38 

(kcal/mol) Table 6. 1. 
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Table 6. 1 Disulfide by Design (D2D) was used to identify hotspots in PVP. Note: Wildtype ∆G: -87.4. The final selected mutant is highlighted 

in Bold and underlined. 

Res. No. Res. Amino acid Res2. no. Res2 Amino acid Native(Y/N) 

Distance > 

20 amino 

acid 

Any one of 

the two aa 

close to 

catalytic 

sites? 

∆G(kcal/mol) 
Final selected 

mutants 

70 LEU 117 ALA N Y Y   

71 THR 74 GLY N N Y   

99 CYS 130 CYS Y - Y   

109 ALA 119 ALA N N Y   

110 SER 115 THR N N Y   

123 THR 132 VAL N N Y   

190 CYS 196 CYS Y - Y   

274 GLN 406 ASP N Y N -80.81  

282 ASN 410 VAL N Y N -89.49 N282C/V410C 

323 TYR 327 ASN N N Y   

347 ARG 394 TYR N Y N -91.38 R347C/Y394C 

383 CYS 392 CYS Y - Y   
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6.2.3.2 Consensus Finder + Consurf + manual consensus (CCM) method:  

Consensus Finder (Hua et al., 2020) aids in identifying potential stability-enhancing hotspots 

within PVP. The process involves generating multiple sequence alignments of similar 

sequences. The initial list of identified mutants comprised S293P, F238L, T283Q, G360Q, 

V299L, S292P, H173A, T151G, and G295V. To refine this list, Consurf (Celniker et al., 2013) 

was employed, resulting in a second set of potential mutants: F238L, V299L, S292P, H173A, 

T151G, G295V. Following this, the Manual consensus method was applied, utilizing ClustalO 

for aligning PVP with reference sequences such as 1DKM (Escherichia coli phytase), 3ZHC 

(Citrobacter braakii phytase), 4ARV (Yersinia kristensenii phytase), and 4ARS (Hafnia alvei 

phytase). Comparison between the second list of PVP hotspots and residues in the references 

led to the formation of a third list of mutants, further refined based on ∆G (kcal/mol) (Table 6. 

2). Ultimately, the CCM method yielded the final shortlisted mutants: S292G, T151G, and 

H173A. 

6.2.3.3 Literature: 

This approach involved altering PVP using mutations previously conducted on E. coli phytase 

to improve its thermostability. The mutations specified in the literature were duplicated in the 

equivalent positions of PVP. A selection of mutants was curated based on their ∆G (kcal/mol) 

values, encompassing both multi-point mutations and single-point mutations, such as M1 

(E85W/T97C/L178Y/N212C/R350N) and M2 (A163C, Y271C) (Table 6. 3) 

6.2.3.4 Hotspot wizard 

The Hotspot Wizard tool (Bendl et al., 2016) was employed to detect potential residues using 

Functional, Structural Flexibility, and Sequence Consensus features. None of the mutants 

identified through Functional hotspot analysis met the specified criteria outlined in the 

methodology. In the case of structural flexibility analysis, 10 potential hotspots were initially 

pinpointed. However, after applying the methodology's filtering criteria, only one mutant, 

L336F, met the requirements. The list obtained through the sequence consensus feature of 

stability hotspot analysis underwent evaluation using an internal mutation feature, aiding in the 

selection of the most stable mutants. A total of two potential hotspots emerged from this 

process. Among these, one mutant, S293P displayed a ∆G (kcal/mol) of -91.64, falling below 

the -87.4 (WT) threshold. Consequently, the final shortlisted mutant from this analysis was 

S293P (Table 6. 4) .
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Table 6. 2 Consensus Finder, Consurf, and manual consensus (CCM) method was used to identify hotspots in PVP. Note: Wildtype ∆G: -87.4. 

The final selected mutant is highlighted in Bold 

Consensus Finder Consurf Manual Consensus 
Mutant (∆G) 

Residue Position Mutant Buried/Exposed Conservation Score (<=6) Selected (Y or N) 1DKM_A 3ZHC_A 4ARV_A 4ARS_A 

S 293 P E 8 N L L P P  

F 238 L B 4 Y M M M M F238L (-87.85) 

          F238M (-87.92) 

T 283 Q B 8 N L M Q T  

G 360 Q E 8 N Q D Q Q  

V 299 L B 6 Y F F F F V299L (-85.82) 

          V299F (-87.56) 

S 292 P E 1 Y P G R I S292P (-84.87) 

          S292G (-89.15) 

          S292R (-83.23) 

          S292I (-83.70) 

H 173 A E 3 Y D L E T H173A (-89.20) 

          H173D (-86.22) 

          H173L (-88.01) 

          H173E (-86.39) 

          H173T (-87.44) 

T 151 G E 3 Y G G G G T151G (-79.92) 

G 295 V B 5 Y T V T N G295V (-86.63) 

          G295T (-86.92) 

          G295N (-88.76) 
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Table 6. 3 Literature-based in-silico identification of hotspots in PVP. Note: Wildtype ∆G: -87.4. The final selected mutant for experimental 

validation is highlighted in Bold and underlined. 

Reference paper 

E.coli PVP 

Mutant 
Multiple 

/Point 
Mutant (∆G after repair) Target 

residue 
Position 

Target 

residue 
Position 

1: 

(Li et al., 2019b) 

S 342 R 343 T 

Multiple 
R343T/R384A/T386A/T64W/T65S/A66L  

(-87.76) 

E 383 R 384 A 

E 384 V 385 V 

R 385 T 386 A 

S 80 A 102 A 

P 41 T 64 W 

V 42 T 65 S 

K 43 A 66 L 

Q 285 _- - - 

K 286 -_ - - 

2. 

(Kim and Lei, 2008b) 

K 46 P 46 E Point P46E (-87.52) 

K 46 P 46 E 

Multiple P46E/T97M/D195G (-84.23) K 97 T 97 M 

S 209 D 195 G 

3. 

(Chen & Tw, 2018) 

A 143 A 163 C 
Multiple A163C/Y271C (-89.07) 

E 262 Y 271 C 

R 259 D 268 C 
Multiple D268C/T312C (-84.88) 

G 312 T 312 C 

V 205 S 213 C 
Multiple S213C/S266C (-84.42) 

L 257 S 266 C 
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A 264 A 273 C 
Multiple A273C/M309C (-80.96) 

N 309 M 309 C 

A 143 A 163 C 

Multiple A163C/Y271C/D268C/T312C (-84.2) 
E 262 Y 271 C 

R 259 D 268 C 

G 312 T 312 C 

A 143 A 163 C 

Multiple A163C/Y271C/A273C (-81.95) 
E 262 Y 271 C 

A 264 A 273 C 

N 309 M 309 C 

4. 

(Wang et al., 2015) 

 

 

 

 

 

 

 

  

W 46 E 69 E 

Multiple 
E85W/T97C/L178Y/N212C/R350N  

(-91.19) 

Q 62 E 85 W 

A 73 DASH  P 

K 75 T 97 C 

S 146 DASH  E 

R 159 L 178 Y 

N 204 N 212 C 

Y 255 D 264 D 

Q 258 N 267 N 

Q 349 R 350 N 

5. 

(Fakhravar & Hesampour, 

2018) 

S 392 P 393 F Point P393F (-85.6) 

6. 

(J. Zhang et al., 2016) 
K 24 P 46 E Point P46E (-87.52) 

7. 

(J. Zhang et al., 2016) 
W 46 E 69 E Multiple  P45E (-87.52) 



 

Chapter 6 

Sunandan Divatia School of Science, SVKM’s NMIMS (Deemed-to-be) University   197 

Table 6. 4 Hotspot Wizard (HS) was used for identification of hotspots in PVP.  

Note: Wildtype ∆G: -87.4. The final selected mutant is highlighted in Bold and underlined.  

Stability hotspot by structural flexibility 

Hotspot 
Amnio acid 

frequency 

Mutational 

landscape 
Mutant (∆G) 

number residue    

36 Leu Leu Val  

37 Ser Ser Val  

335 Val Val Leu  

34 Val Val Phe  

119 Ala Ala Gly  

330 Pro Pro Gly  

334 Leu Leu Met  

336 Leu Phe Phe L336F (-86.7) 

40 Gly Gly Asn  

68 Gly Gly Cys  

Stability hotspot by Sequence 

Amino 

acid 

Amino acid 

No. 

Amnio acid 

frequency 
- Mutant (∆G) 

SER 293 Pro - S293P (-91.64) 

THR 61 Pro - T61P (-86.67) 
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6.2.3.5 Fireprot 

In this study, Fireprot (Musil et al., 2017) was utilized to identify potential residues based on 

energy, evolution, and a combination of both factors. Within the combined mutant section, 26 

mutations were listed. Only two mutants were selected from this list based on their highest 

stability, determined by the inbuilt FoldX (kcal/mol) and ROSETTA values (kcal/mol). Among 

these two, only one mutant, A181Y, showcased a ∆G of -92.35, falling below the -87.4 (WT) 

threshold, thus securing its position in the shortlist. Furthermore, 15 mutations were shortlisted 

based on evolutionary aspects, termed as evolution mutants. From this selection, three mutants 

were chosen based on their highest values (kcal/mol) in terms of FoldX, BTC by majority, and 

BTC by ratio criteria. All three mutants displayed a ∆G (kcal/mol) below -87.4 kcal/mol (WT 

∆G value). Consequently, the final list derived from the Fireprot online server included: 

A201Y, A181Y, S293P, and G360Q (Table 6. 5). 

Table 6. 5 Fireprot was used for in-silico identification of hotspots in PVP: 

Note: Wildtype ∆G: -87.4. The final selected mutant is highlighted in Bold and underlined.  

Combined Mutant 

Mutant Highest stability w.r.t FOLDX/ ROSETTA values ∆ G 

A201Y -2.69 -89.85 

A181Y -12.3 -92.35 

Evolution Mutant 

Mutant 
Highest stability w.r.t FOLDX/ (YES in both BTC BY 

MAJORITY + BY RATIO values) 
∆G 

S293P -2.18 -91.64 

G360Q Y -90.64 

T61P Y -86.67 
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6.2.3.6 Common hotspot wizard and firepot (HS-FP) method: 

A fusion of Fireprot and Hotspot Wizard servers was employed to locate common hotspots 

identified by both servers. Through this method, a total of three potential hotspots were 

pinpointed. Among these, only two mutants, N235G and S293P, demonstrated a ∆G (kcal/mol) 

below -87.4 kcal/mol (Table 6. 6). 

Table 6. 6 Common mutations from Hotspot Wizard and Fireprot analysis:  The final selected 

mutant is highlighted in Bold and underlined. Note: Wildtype ∆G: -87.4. 

Mutant Mutant (∆G) 

N235G -90.99 

T61P -86.67 

S293P -91.64 

 

6.2.3.7 CABSFLEX (Conformational Alphabet-Based Structure Flexible Fitting) + 

Fireprot combination method (Jamroz et al., 2013):  

Two distinct methods were combined to streamline the selection of potential mutants. Initially, 

CABSFLEX was employed to determine the RMSF values for each residue, which were 

subsequently cross-referenced with the list of mutants identified by Firepot.  

The common hotspots identified from the combined mutant section and energy section 

(Fireprot analysis) were shortlisted. This list was compared to the RMSF values obtained from 

CABSFLEX. Residues with RMSF values greater than 1 were selected, resulting in a total of 

7 mutants. Among these, only 4 were shortlisted based on a ∆G (kcal/mol) of less than -87.4 

kcal/mol. 

Likewise, the common hotspots listed in the combined and evolution sections were merged and 

compared with the RMSF values obtained from CABSFLEX. Residues with RMSF values 

exceeding 1 were identified, totaling 5 hotspots. Out of these, only two, namely T151G and 

N235G, displayed a ∆G (kcal/mol) lower than -87.4 kcal/mol. Furthermore, the list generated 

from the HS-FP method was also matched with CABSFLEX data. Two mutants, S293P and 

N235G, were shortlisted based on their RMSF values and ∆G (kcal/mol) (Table 6. 7). 
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Table 6. 7 CABSFLEX was used for in-silico identification of hotspots in PVP. Note: Wildtype 

∆G: -87.4. The final selected mutant is highlighted in Bold and underlined. 

fp combined+ energy 

Mutant RMSF ∆G 

Q58M 1.66 -87.75 

H173A 1.365 -89.2 

A201Y 1.68 -89.85 

N267Y 3.28 -89.35 

A290P 1.826 -81.8 

G295T 2.257 -86.92 

N407W 1.558 -88.88 

fp combined+ evolution 

T61P 1.617 -86.67 

T151G 1.335 -79.92 

N235G 1.13 -90.99 

F238L 1.196 -87.85 

I367L 1.953 -88.36 

 

6.2.3.8 FOLDX position scan: 

The PVP underwent a FOLDX position scan, generating an initial list of 28 mutants selected 

based on a criterion of ∆∆G <-2. Subsequently, the amino acids from this initial list that were 

mutated by more than one amino acid were further screened, leading to a refined second list of 

mutants. This final selection comprised 17 mutants in total, as detailed in Table 6. 8. 
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Table 6. 8 FOLDX position scan used for in-silico identification of hotspots in PVP. 

Mutants ∆∆G <-2 

G295V -2.43678 

G295M -3.16662 

G295W -2.69223 

G295F -3.3858 

E85L -2.71522 

E85F -2.59881 

E85I -2.26731 

E85M -2.64014 

A188Y -2.60888 

A188F -2.56215 

A201Y -2.95649 

A201F -3.28864 

G360L -2.17048 

G360M -2.41339 

G360F -2.17897 

S293M -3.67148 

S293I -2.97267 

 

6.2.3.9 MDS + FOLDX Position Scan: 

The initial list of mutants was filtered based on RMSD values greater than 0.2. Subsequently, 

this filtered list underwent a distance assessment from the catalytic site, resulting in a second 

list of shortlisted mutants. These selected mutants were then cross-referenced with the ∆∆G 



 

Chapter 6 

Sunandan Divatia School of Science, SVKM’s NMIMS (Deemed-to-be) University   202 

values obtained from the FOLDX position scan, specifically targeting values of DDG <-2. 

Consequently, a total of 5 mutants were identified and shortlisted: T64Y, T151P, V152M, 

V152F, and T247R (Table 6. 9). 

Table 6. 9 Common hotspots identified by using molecular dynamics simulations (MDS) + 

FOLDX position scan analysis: 

Mutant ∆∆G >-2 

T64Y -4.04117 

T151P -2.15643 

V152M -2.53173 

V152F -2.35649 

T247R -2.18325 

 

6.3 Experimental validation:  

6.3.1 Introduction: 

Experimental validation was centered on examining the stability of the wildtype (WT) and 

mutant (M1 and M2) phytases by inducing their over-expression within the E.coli BL21(DE3) 

host system, after which they underwent detailed biochemical and biophysical characterization 

(Figure 6. 2). 

 

Figure 6. 2 Overview of the experimental validation of WT, M1, and M2. 
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6.3.2 Materials and Methods: 

6.3.2.1 Materials (Chemicals, kits, reagents, solutions, plasticware): 

PureLink® Genomic DNA kit (Cat. No. K182001), Primers (Eurofins), Strain: E.coli 

BL21(DE3) was used as a host for PVP over-expression, Media: Luria-Bertani (LB) broth and 

agar purchased from HiMedia Pvt.LTD, primary antibody: His-Tag (D3I1O) XP® Rabbit mAb 

#12698 purchased from Cell Signalling Technology (CST), gene synthesis from Biomatik, All 

chemicals were procured from either Sigma-Aldrich, MP Biomedicals, Loba Chemie, or 

MolyChem. All plasticware utilized in the experiments, including 15ml and 50ml falcon tubes, 

were obtained from SPL Life Sciences Pvt. Ltd., India. 

6.3.2.2 Codon optimization, cloning, overexpression, and purification of Wildtype 

(WT), M1*, and M2*: 

*Note:  

a. M1: E85W/T97C/L178Y/N212C/R350N 

b. M2: A163C/Y271C 

The genetic sequences of WT, M1, and M2 were optimized for E. coli, synthesized chemically, 

and cloned into the pET29b vector between the Nco1 and Not1 restriction sites by Biomatik. 

These synthesized constructs (WT, M1, and M2) were lyophilized, reconstituted in TE buffer, 

and stored at -20°C for long-term preservation. The constructs, at a concentration of 10 ng/μl, 

were introduced into the E.coli BL21(DE3) expression host system according to the 

manufacturer's guidelines. The transformed cells carrying the WT, M1, and M2 constructs were 

cultured on LB media supplemented with 50μg/ml of Kanamycin, establishing three separate 

E.coli BL21(DE3) systems: WT, M1, and M2. 

All three systems were induced with 1mM IPTG, 30˚C, overnight, followed by purification of 

wildtype and mutant phytases (WT, M1, and M2) as per the procedure mentioned in Chapter 5 

(methodology section: 5.3.2.4).  

The purified WT and M2 phytase samples were separated using a 10% SDS-PAGE gel and 

subsequently transferred onto a polyvinylidene fluoride (PVDF) membrane from Bio-Rad, 

USA. A blocking buffer consisting of 5% non-fat dry milk (NFDM) and 0.1% Tween 20 in 1X 

Tris-buffered saline (TBST) was applied to the membrane for 1.5 hours at room temperature 

(RT) to block nonspecific binding. The primary antibody used was the His-Tag (D3I1O) XP® 
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Rabbit mAb, which targeted and bound to the His-tag present on the WT and M2 phytases. 

Following overnight incubation at 4˚C with the primary antibody, the membrane underwent 

three washes with TBST for 10 minutes each to remove any unbound antibodies. Subsequently, 

the membrane was exposed to a secondary antibody, the goat anti-rabbit HRP linked secondary 

antibody (GeNei™, India), for 1 hour at RT. After another three washes with TBST for 10 

minutes each, the Clarity solution from Bio-Rad, USA, was applied to develop the blot. 

Visualization of the blot was achieved using the ChemiDoc XRS+ Gel Imaging System, also 

from Bio-Rad, USA. 

6.3.2.3 Biochemical characterization: 

Standard KH2PO4 reaction was set up as per the procedure mentioned in Chapter 5 (section 

5.3.2.5). The standard reaction setup to estimate phytase activity of purified WT and M2 was 

performed as per the procedure mentioned in Chapter 5 (section 5.3.2.5). 7μl of purified WT 

and M2 were used in the assay.  

Effect of pH on phytase activity:   

To determine the optimum pH for PVP, various buffer systems were employed in the standard 

assay, including 0.1M Glycine-HCl (pH 2 and 3), 0.1M Sodium acetate (pH 4, 4.5, 5, 5.5), 

0.1M Tris-acetate (pH 6 and 7), and 0.1M Tris-base (pH 8). The resulting graph depicted the 

relationship between % relative specific activity and pH. 

Effect of temperature on phytase activity:   

To determine the optimum temperature, the standard assay was conducted at various 

temperatures ranging from 30 to 70˚C. The resulting graph illustrated the correlation between 

% relative specific activity and temperature (˚C). 

Effect of substrate concentration on phytase activity:  

To estimate the Km of PVP, varying concentrations of substrate (4, 2, 1, 0.5, 0.25, and 0.1 

μmoles/ml) were employed in the standard assay. 

6.3.2.4 Biophysical characterization: 

Isothermal titration calorimetry (ITC) experiment: 

ITC experiments were performed using the ITC 200 (Micro cal, UK) instrument at 25˚C. ITC 

cell was filled with 300 μl of 10-50μM recombinant purified phytase enzyme in buffer A (20 

mM Tris, pH 7.0, 150 mM NaCl). The substrate phytic acid (sigma) was also dissolved in the 
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same buffer A. The substrate concentration used for the ITC experiment varied up to from 

500μM to 5mM final concentration. The data were analyzed by Malvern ITC analysis software.  

Circular dichroism (CD) experiment: 

Circular dichroism of recombinant purified WT and M2 was done with 10-50 μM protein 

concentration in a quartz cuvette of 1mm path length. The CD data was analyzed with a Jasco 

CD spectrometer. CD data were converted to mean residual ellipticity and corrected for 

differences in concentration (Greenfield, 2007). For UV 195-250 nm was used for protein 

folding measurements. 

Differential scanning fluorimetry (DSF) experiment: 

Differential scanning fluorimetry is also known as thermal shift assay. DSF experiment was 

carried out in 20 mM Tris pH 7.0 with the addition of 1-5X SYPRO Orange (Life 

Technologies). The assay was performed on a white 96-well plate covered with optical tape 

(Bio-Rad). The total reaction volume per well was 25 μL with 1-3μg of purified phytase 

enzyme respectively, consisting of 1 μL of SYPRO orange solution. The final ion concentration 

used was 1-3mM in the reaction mixture along with ligand as well. The relative fluorescence 

intensity (RFU) was recorded with the C1000 touch thermal cycler (Bio-Rad) with the CFX-

96 real-time system. The temperature was raised from 20 to 90°C by 0.5°C per step. Raw data 

from melting curves were exported from the CFX manager software to the micro Microsoft 

Excel and presented using the same program. The melting temperature (Tm) for each condition 

was obtained from the first derivative of melting curves. 

6.3.3 Result 

6.3.3.1 Overexpression and purification of wildtype and shortlisted mutant (M1 and 

M2) phytases: 

In this investigation, both wildtype and mutant genes were synthesized, undergoing codon 

optimization before being cloned into the pET29-b vector (depicted in Figure 6. 3, Figure 6. 

4, Figure 6. 5).  
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B.  

 

1    TGGCGAATGG GACGCGCCCT GTAGCGGCGC ATTAAGCGCG GCGGGTGTGG TGGTTACGCG 

61   CAGCGTGACC GCTACACTTG CCAGCGCCCT AGCGCCCGCT CCTTTCGCTT TCTTCCCTTC 

121  CTTTCTCGCC ACGTTCGCCG GCTTTCCCCG TCAAGCTCTA AATCGGGGGC TCCCTTTAGG 

181  GTTCCGATTT AGTGCTTTAC GGCACCTCGA CCCCAAAAAA CTTGATTAGG GTGATGGTTC 

241  ACGTAGTGGG CCATCGCCCT GATAGACGGT TTTTCGCCCT TTGACGTTGG AGTCCACGTT 

301  CTTTAATAGT GGACTCTTGT TCCAAACTGG AACAACACTC AACCCTATCT CGGTCTATTC 

361  TTTTGATTTA TAAGGGATTT TGCCGATTTC GGCCTATTGG TTAAAAAATG AGCTGATTTA 

421  ACAAAAATTT AACGCGAATT TTAACAAAAT ATTAACGTTT ACAATTTCAG GTGGCACTTT 

481  TCGGGGAAAT GTGCGCGGAA CCCCTATTTG TTTATTTTTC TAAATACATT CAAATATGTA 

541  TCCGCTCATG AATTAATTCT TAGAAAAACT CATCGAGCAT CAAATGAAAC TGCAATTTAT 

601  TCATATCAGG ATTATCAATA CCATATTTTT GAAAAAGCCG TTTCTGTAAT GAAGGAGAAA 

661  ACTCACCGAG GCAGTTCCAT AGGATGGCAA GATCCTGGTA TCGGTCTGCG ATTCCGACTC 

721  GTCCAACATC AATACAACCT ATTAATTTCC CCTCGTCAAA AATAAGGTTA TCAAGTGAGA 

781  AATCACCATG AGTGACGACT GAATCCGGTG AGAATGGCAA AAGTTTATGC ATTTCTTTCC 

841  AGACTTGTTC AACAGGCCAG CCATTACGCT CGTCATCAAA ATCACTCGCA TCAACCAAAC 

901  CGTTATTCAT TCGTGATTGC GCCTGAGCGA GACGAAATAC GCGATCGCTG TTAAAAGGAC 

961  AATTACAAAC AGGAATCGAA TGCAACCGGC GCAGGAACAC TGCCAGCGCA TCAACAATAT 
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1021 TTTCACCTGA ATCAGGATAT TCTTCTAATA CCTGGAATGC TGTTTTCCCG GGGATCGCAG 

1081 TGGTGAGTAA CCATGCATCA TCAGGAGTAC GGATAAAATG CTTGATGGTC GGAAGAGGCA 

1141 TAAATTCCGT CAGCCAGTTT AGTCTGACCA TCTCATCTGT AACATCATTG GCAACGCTAC 

1201 CTTTGCCATG TTTCAGAAAC AACTCTGGCG CATCGGGCTT CCCATACAAT CGATAGATTG 

1261 TCGCACCTGA TTGCCCGACA TTATCGCGAG CCCATTTATA CCCATATAAA TCAGCATCCA 

1321 TGTTGGAATT TAATCGCGGC CTAGAGCAAG ACGTTTCCCG TTGAATATGG CTCATAACAC 

1381 CCCTTGTATT ACTGTTTATG TAAGCAGACA GTTTTATTGT TCATGACCAA AATCCCTTAA 

1441 CGTGAGTTTT CGTTCCACTG AGCGTCAGAC CCCGTAGAAA AGATCAAAGG ATCTTCTTGA 

1501 GATCCTTTTT TTCTGCGCGT AATCTGCTGC TTGCAAACAA AAAAACCACC GCTACCAGCG 

1561 GTGGTTTGTT TGCCGGATCA AGAGCTACCA ACTCTTTTTC CGAAGGTAAC TGGCTTCAGC 

1621 AGAGCGCAGA TACCAAATAC TGTCCTTCTA GTGTAGCCGT AGTTAGGCCA CCACTTCAAG 

1681 AACTCTGTAG CACCGCCTAC ATACCTCGCT CTGCTAATCC TGTTACCAGT GGCTGCTGCC 

1741 AGTGGCGATA AGTCGTGTCT TACCGGGTTG GACTCAAGAC GATAGTTACC GGATAAGGCG 

1801 CAGCGGTCGG GCTGAACGGG GGGTTCGTGC ACACAGCCCA GCTTGGAGCG AACGACCTAC 

1861 ACCGAACTGA GATACCTACA GCGTGAGCTA TGAGAAAGCG CCACGCTTCC CGAAGGGAGA 

1921 AAGGCGGACA GGTATCCGGT AAGCGGCAGG GTCGGAACAG GAGAGCGCAC GAGGGAGCTT 

1981 CCAGGGGGAA ACGCCTGGTA TCTTTATAGT CCTGTCGGGT TTCGCCACCT CTGACTTGAG 

2041 CGTCGATTTT TGTGATGCTC GTCAGGGGGG CGGAGCCTAT GGAAAAACGC CAGCAACGCG 

2101 GCCTTTTTAC GGTTCCTGGC CTTTTGCTGG CCTTTTGCTC ACATGTTCTT TCCTGCGTTA 

2161 TCCCCTGATT CTGTGGATAA CCGTATTACC GCCTTTGAGT GAGCTGATAC CGCTCGCCGC 

2221 AGCCGAACGA CCGAGCGCAG CGAGTCAGTG AGCGAGGAAG CGGAAGAGCG CCTGATGCGG 

2281 TATTTTCTCC TTACGCATCT GTGCGGTATT TCACACCGCA TATATGGTGC ACTCTCAGTA 

2341 CAATCTGCTC TGATGCCGCA TAGTTAAGCC AGTATACACT CCGCTATCGC TACGTGACTG 

2401 GGTCATGGCT GCGCCCCGAC ACCCGCCAAC ACCCGCTGAC GCGCCCTGAC GGGCTTGTCT 

2461 GCTCCCGGCA TCCGCTTACA GACAAGCTGT GACCGTCTCC GGGAGCTGCA TGTGTCAGAG 

2521 GTTTTCACCG TCATCACCGA AACGCGCGAG GCAGCTGCGG TAAAGCTCAT CAGCGTGGTC 

2581 GTGAAGCGAT TCACAGATGT CTGCCTGTTC ATCCGCGTCC AGCTCGTTGA GTTTCTCCAG 

2641 AAGCGTTAAT GTCTGGCTTC TGATAAAGCG GGCCATGTTA AGGGCGGTTT TTTCCTGTTT 

2701 GGTCACTGAT GCCTCCGTGT AAGGGGGATT TCTGTTCATG GGGGTAATGA TACCGATGAA 

2761 ACGAGAGAGG ATGCTCACGA TACGGGTTAC TGATGATGAA CATGCCCGGT TACTGGAACG 

2821 TTGTGAGGGT AAACAACTGG CGGTATGGAT GCGGCGGGAC CAGAGAAAAA TCACTCAGGG 

2881 TCAATGCCAG CGCTTCGTTA ATACAGATGT AGGTGTTCCA CAGGGTAGCC AGCAGCATCC 

2941 TGCGATGCAG ATCCGGAACA TAATGGTGCA GGGCGCTGAC TTCCGCGTTT CCAGACTTTA 

3001 CGAAACACGG AAACCGAAGA CCATTCATGT TGTTGCTCAG GTCGCAGACG TTTTGCAGCA 

3061 GCAGTCGCTT CACGTTCGCT CGCGTATCGG TGATTCATTC TGCTAACCAG TAAGGCAACC 

3121 CCGCCAGCCT AGCCGGGTCC TCAACGACAG GAGCACGATC ATGCGCACCC GTGGGGCCGC 

3181 CATGCCGGCG ATAATGGCCT GCTTCTCGCC GAAACGTTTG GTGGCGGGAC CAGTGACGAA 

3241 GGCTTGAGCG AGGGCGTGCA AGATTCCGAA TACCGCAAGC GACAGGCCGA TCATCGTCGC 

3301 GCTCCAGCGA AAGCGGTCCT CGCCGAAAAT GACCCAGAGC GCTGCCGGCA CCTGTCCTAC 

3361 GAGTTGCATG ATAAAGAAGA CAGTCATAAG TGCGGCGACG ATAGTCATGC CCCGCGCCCA 

3421 CCGGAAGGAG CTGACTGGGT TGAAGGCTCT CAAGGGCATC GGTCGAGATC CCGGTGCCTA 

3481 ATGAGTGAGC TAACTTACAT TAATTGCGTT GCGCTCACTG CCCGCTTTCC AGTCGGGAAA 

3541 CCTGTCGTGC CAGCTGCATT AATGAATCGG CCAACGCGCG GGGAGAGGCG GTTTGCGTAT 

3601 TGGGCGCCAG GGTGGTTTTT CTTTTCACCA GTGAGACGGG CAACAGCTGA TTGCCCTTCA 

3661 CCGCCTGGCC CTGAGAGAGT TGCAGCAAGC GGTCCACGCT GGTTTGCCCC AGCAGGCGAA 

3721 AATCCTGTTT GATGGTGGTT AACGGCGGGA TATAACATGA GCTGTCTTCG GTATCGTCGT 

3781 ATCCCACTAC CGAGATGTCC GCACCAACGC GCAGCCCGGA CTCGGTAATG GCGCGCATTG 

3841 CGCCCAGCGC CATCTGATCG TTGGCAACCA GCATCGCAGT GGGAACGATG CCCTCATTCA 

3901 GCATTTGCAT GGTTTGTTGA AAACCGGACA TGGCACTCCA GTCGCCTTCC CGTTCCGCTA 

3961 TCGGCTGAAT TTGATTGCGA GTGAGATATT TATGCCAGCC AGCCAGACGC AGACGCGCCG 

4021 AGACAGAACT TAATGGGCCC GCTAACAGCG CGATTTGCTG GTGACCCAAT GCGACCAGAT 

4081 GCTCCACGCC CAGTCGCGTA CCGTCTTCAT GGGAGAAAAT AATACTGTTG ATGGGTGTCT 

4141 GGTCAGAGAC ATCAAGAAAT AACGCCGGAA CATTAGTGCA GGCAGCTTCC ACAGCAATGG 

4201 CATCCTGGTC ATCCAGCGGA TAGTTAATGA TCAGCCCACT GACGCGTTGC GCGAGAAGAT 

4261 TGTGCACCGC CGCTTTACAG GCTTCGACGC CGCTTCGTTC TACCATCGAC ACCACCACGC 

4321 TGGCACCCAG TTGATCGGCG CGAGATTTAA TCGCCGCGAC AATTTGCGAC GGCGCGTGCA 
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C. 

 

Figure 6. 3 A. The wildtype recombinant construct: A. codon optimized wildtype phytase gene 

cloned in pET29b vector. B. The complete nucleotide sequence of the wildtype recombinant 

construct (pET29b cloned with the optimized wildtype phytase gene (red highlighted)). C. the 

codon-optimized wild-type phytase protein sequence. 

4381 GGGCCAGACT GGAGGTGGCA ACGCCAATCA GCAACGACTG TTTGCCCGCC AGTTGTTGTG 

4441 CCACGCGGTT GGGAATGTAA TTCAGCTCCG CCATCGCCGC TTCCACTTTT TCCCGCGTTT 

4501 TCGCAGAAAC GTGGCTGGCC TGGTTCACCA CGCGGGAAAC GGTCTGATAA GAGACACCGG 

4561 CATACTCTGC GACATCGTAT AACGTTACTG GTTTCACATT CACCACCCTG AATTGACTCT 

4621 CTTCCGGGCG CTATCATGCC ATACCGCGAA AGGTTTTGCG CCATTCGATG GTGTCCGGGA 

4681 TCTCGACGCT CTCCCTTATG CGACTCCTGC ATTAGGAAGC AGCCCAGTAG TAGGTTGAGG 

4741 CCGTTGAGCA CCGCCGCCGC AAGGAATGGT GCATGCAAGG AGATGGCGCC CAACAGTCCC 

4801 CCGGCCACGG GGCCTGCCAC CATACCCACG CCGAAACAAG CGCTCATGAG CCCGAAGTGG 

4861 CGAGCCCGAT CTTCCCCATC GGTGATGTCG GCGATATAGG CGCCAGCAAC CGCACCTGTG 

4921 GCGCCGGTGA TGCCGGCCAC GATGCGTCCG GCGTAGAGGA TCGAGATCGA TCTCGATCCC 

4981 GCGAAATTAA TACGACTCAC TATAGGGGAA TTGTGAGCGG ATAACAATTC CCCTCTAGAA 

5041 ATAATTTTGT TTAACTTTAA GAAGGAGATA TACATATGAA AGAAACCGCT GCTGCTAAAT 

5101 TCGAACGCCA GCACATGGAC AGCCCAGATC TGGGTACCCT GGTGCCACGC GGTTCCATGG 

5161 GCATGACCCT GCCGACCCTG TGTCGTTGCG CCCTGATTCT GGGTAGCCTG TGGCTGCTGA 

5221 GCCCGGCCAC CCAGGCAGCA GATTATCAGC TGGAAAAAGT GGTGGAACTG AGCCGTCATG 

5281 GTGTGCGTCC GCCGACCCCG GGTAATCGCA AAGAAATGGA AGCAGCAAGC CAGCAGCCGT 

5341 GGACCCAGTG GACCACCGCA GATGGCGAAC TGACCGGCCA CGGTTATAGC GCCGTTGTGA 

5401 ATAAGGGTCG CTGGGAAGGC GAACATTATC GCCAGCTGGG TCTGCTGGGC ACCGGTTGTC 

5461 CGGATGCCGC ACAGGTGTAT GTTCGCGCCA GCCCGCTGCA GCGCACCAGA GCAACCGCAG 

5521 CAGCCCTGAC CGATGGTGCA TTTCCGGGCT GCGGCGTGAC CGTTCATCAT GTTGCAGGCG 

5581 ATGTGGACCC TCTGTTTCAG GGCGAAAAAC TGACCGTTAC CCGCACCGAT CCGGCCCAGG 

5641 AACTGGCAGC CAAACAGCAG AAAGCAGGCG ATCTGGCACA TCTGCAGCAG CAGCTGCAGC 

5701 CGGCAATTCA GCAGCTGAAA GCAGCCGTGT GTCCGCCGGC AACCGATTGT CCGCTGTTTG 

5761 AAGCCCCGTG GACCTTTCGC CAGACCCGTA ATGGTAATAG TTATGTGTAT GGTCTGAGTG 

5821 TGATGGCCAG TATGGTTGAA ACCCTGCGTC TGGGCTATAG TGAAAATCTG CCGTTTGATC 

5881 AGCTGGCCTG GGGTCATATT ACCACCGCCG CCCAGATTAC CAGTCTGCTG CCGCTGCTGA 

5941 CCGCAAATTA TGATCTGAGC AATGATGTTC TGTATCTGGC CCAGCGTCGT GGCAGTATTC 

6001 TGCTGAATAC CATGCTGGAA GCAATTGCCG CCGATAGTAG CCCGGGTCGC TGGCTGGTGC 

6061 TGGTTGCCCA TGATACCAAT ATTGCAATGG TTCGCACCCT GATGGATTTT AATTGGCAGC 

6121 TGCCGGGTTA TAGCCGTGGC AATATTCCGC CGGGCAGCAG TCTGGTGCTG GAACGTTGGC 

6181 GTGATACCCG CAGCGGTGAA CGCTTTCTGC GCCTGTATTT TCAGGCACAG AGCCTGGATG 

6241 GTATTCGTCA GCTGCAGCCT ATTGATGATA AACATCCGCT GCTGCGTCAG GAATGGCATC 

6301 AGCCGGATTG CCGCGTTACC GCCGTTGGCC TGCTGTGCCC GTATCAGAGC ACCCTGACCC 

6361 AGCTGCGCAA AAATCTGGAT AATAGCGCAG TTCTGCCGGT TAGTGTGATT CTGCCGGCGG 

6421 CCGCACTCGA GCACCACCAC CACCACCACT GAGATCCGGC TGCTAACAAA GCCCGAAAGG 

6481 AAGCTGAGTT GGCTGCTGCC ACCGCTGAGC AATAACTAGC ATAACCCCTT GGGGCCTCTA 

6541 AACGGGTCTT GAGGGGTTTT TTGCTGAAAG GAGGAACTAT ATCCGGAT 

Optimized Protein_WT 

MTLPTLCRCALILGSLWLLSPATQAADYQLEKVVELSRHGVRPPTPGNRKEMEAASQQP

WTQWTTADGELTGHGYSAVVNKGRWEGEHYRQLGLLGTGCPDAAQVYVRASPLQRTR

ATAAALTDGAFPGCGVTVHHVAGDVDPLFQGEKLTVTRTDPAQELAAKQQKAGDLAHL

QQQLQPAIQQLKAAVCPPATDCPLFEAPWTFRQTRNGNSYVYGLSVMASMVETLRLGYS

ENLPFDQLAWGHITTAAQITSLLPLLTANYDLSNDVLYLAQRRGSILLNTMLEAIAADSSP

GRWLVLVAHDTNIAMVRTLMDFNWQLPGYSRGNIPPGSSLVLERWRDTRSGERFLRLYF

QAQSLDGIRQLQPIDDKHPLLRQEWHQPDCRVTAVGLLCPYQSTLTQLRKNLDNSAVLP

VSVILP 
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1    TGGCGAATGG GACGCGCCCT GTAGCGGCGC ATTAAGCGCG GCGGGTGTGG TGGTTACGCG 

61   CAGCGTGACC GCTACACTTG CCAGCGCCCT AGCGCCCGCT CCTTTCGCTT TCTTCCCTTC 

121  CTTTCTCGCC ACGTTCGCCG GCTTTCCCCG TCAAGCTCTA AATCGGGGGC TCCCTTTAGG 

181  GTTCCGATTT AGTGCTTTAC GGCACCTCGA CCCCAAAAAA CTTGATTAGG GTGATGGTTC 

241  ACGTAGTGGG CCATCGCCCT GATAGACGGT TTTTCGCCCT TTGACGTTGG AGTCCACGTT 

301  CTTTAATAGT GGACTCTTGT TCCAAACTGG AACAACACTC AACCCTATCT CGGTCTATTC 

361  TTTTGATTTA TAAGGGATTT TGCCGATTTC GGCCTATTGG TTAAAAAATG AGCTGATTTA 

421  ACAAAAATTT AACGCGAATT TTAACAAAAT ATTAACGTTT ACAATTTCAG GTGGCACTTT 

481  TCGGGGAAAT GTGCGCGGAA CCCCTATTTG TTTATTTTTC TAAATACATT CAAATATGTA 

541  TCCGCTCATG AATTAATTCT TAGAAAAACT CATCGAGCAT CAAATGAAAC TGCAATTTAT 

601  TCATATCAGG ATTATCAATA CCATATTTTT GAAAAAGCCG TTTCTGTAAT GAAGGAGAAA 
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661  ACTCACCGAG GCAGTTCCAT AGGATGGCAA GATCCTGGTA TCGGTCTGCG ATTCCGACTC 

721  GTCCAACATC AATACAACCT ATTAATTTCC CCTCGTCAAA AATAAGGTTA TCAAGTGAGA 

781  AATCACCATG AGTGACGACT GAATCCGGTG AGAATGGCAA AAGTTTATGC ATTTCTTTCC 

841  AGACTTGTTC AACAGGCCAG CCATTACGCT CGTCATCAAA ATCACTCGCA TCAACCAAAC 

901  CGTTATTCAT TCGTGATTGC GCCTGAGCGA GACGAAATAC GCGATCGCTG TTAAAAGGAC 

961  AATTACAAAC AGGAATCGAA TGCAACCGGC GCAGGAACAC TGCCAGCGCA TCAACAATAT 

1021 TTTCACCTGA ATCAGGATAT TCTTCTAATA CCTGGAATGC TGTTTTCCCG GGGATCGCAG 

1081 TGGTGAGTAA CCATGCATCA TCAGGAGTAC GGATAAAATG CTTGATGGTC GGAAGAGGCA 

1141 TAAATTCCGT CAGCCAGTTT AGTCTGACCA TCTCATCTGT AACATCATTG GCAACGCTAC 

1201 CTTTGCCATG TTTCAGAAAC AACTCTGGCG CATCGGGCTT CCCATACAAT CGATAGATTG 

1261 TCGCACCTGA TTGCCCGACA TTATCGCGAG CCCATTTATA CCCATATAAA TCAGCATCCA 

1321 TGTTGGAATT TAATCGCGGC CTAGAGCAAG ACGTTTCCCG TTGAATATGG CTCATAACAC 

1381 CCCTTGTATT ACTGTTTATG TAAGCAGACA GTTTTATTGT TCATGACCAA AATCCCTTAA 

1441 CGTGAGTTTT CGTTCCACTG AGCGTCAGAC CCCGTAGAAA AGATCAAAGG ATCTTCTTGA 

1501 GATCCTTTTT TTCTGCGCGT AATCTGCTGC TTGCAAACAA AAAAACCACC GCTACCAGCG 

1561 GTGGTTTGTT TGCCGGATCA AGAGCTACCA ACTCTTTTTC CGAAGGTAAC TGGCTTCAGC 

1621 AGAGCGCAGA TACCAAATAC TGTCCTTCTA GTGTAGCCGT AGTTAGGCCA CCACTTCAAG 

1681 AACTCTGTAG CACCGCCTAC ATACCTCGCT CTGCTAATCC TGTTACCAGT GGCTGCTGCC 

1741 AGTGGCGATA AGTCGTGTCT TACCGGGTTG GACTCAAGAC GATAGTTACC GGATAAGGCG 

1801 CAGCGGTCGG GCTGAACGGG GGGTTCGTGC ACACAGCCCA GCTTGGAGCG AACGACCTAC 

1861 ACCGAACTGA GATACCTACA GCGTGAGCTA TGAGAAAGCG CCACGCTTCC CGAAGGGAGA 

1921 AAGGCGGACA GGTATCCGGT AAGCGGCAGG GTCGGAACAG GAGAGCGCAC GAGGGAGCTT 

1981 CCAGGGGGAA ACGCCTGGTA TCTTTATAGT CCTGTCGGGT TTCGCCACCT CTGACTTGAG 

2041 CGTCGATTTT TGTGATGCTC GTCAGGGGGG CGGAGCCTAT GGAAAAACGC CAGCAACGCG 

2101 GCCTTTTTAC GGTTCCTGGC CTTTTGCTGG CCTTTTGCTC ACATGTTCTT TCCTGCGTTA 

2161 TCCCCTGATT CTGTGGATAA CCGTATTACC GCCTTTGAGT GAGCTGATAC CGCTCGCCGC 

2221 AGCCGAACGA CCGAGCGCAG CGAGTCAGTG AGCGAGGAAG CGGAAGAGCG CCTGATGCGG 

2281 TATTTTCTCC TTACGCATCT GTGCGGTATT TCACACCGCA TATATGGTGC ACTCTCAGTA 

2341 CAATCTGCTC TGATGCCGCA TAGTTAAGCC AGTATACACT CCGCTATCGC TACGTGACTG 

2401 GGTCATGGCT GCGCCCCGAC ACCCGCCAAC ACCCGCTGAC GCGCCCTGAC GGGCTTGTCT 

2461 GCTCCCGGCA TCCGCTTACA GACAAGCTGT GACCGTCTCC GGGAGCTGCA TGTGTCAGAG 

2521 GTTTTCACCG TCATCACCGA AACGCGCGAG GCAGCTGCGG TAAAGCTCAT CAGCGTGGTC 

2581 GTGAAGCGAT TCACAGATGT CTGCCTGTTC ATCCGCGTCC AGCTCGTTGA GTTTCTCCAG 

2641 AAGCGTTAAT GTCTGGCTTC TGATAAAGCG GGCCATGTTA AGGGCGGTTT TTTCCTGTTT 

2701 GGTCACTGAT GCCTCCGTGT AAGGGGGATT TCTGTTCATG GGGGTAATGA TACCGATGAA 

2761 ACGAGAGAGG ATGCTCACGA TACGGGTTAC TGATGATGAA CATGCCCGGT TACTGGAACG 

2821 TTGTGAGGGT AAACAACTGG CGGTATGGAT GCGGCGGGAC CAGAGAAAAA TCACTCAGGG 

2881 TCAATGCCAG CGCTTCGTTA ATACAGATGT AGGTGTTCCA CAGGGTAGCC AGCAGCATCC 

2941 TGCGATGCAG ATCCGGAACA TAATGGTGCA GGGCGCTGAC TTCCGCGTTT CCAGACTTTA 

3001 CGAAACACGG AAACCGAAGA CCATTCATGT TGTTGCTCAG GTCGCAGACG TTTTGCAGCA 

3061 GCAGTCGCTT CACGTTCGCT CGCGTATCGG TGATTCATTC TGCTAACCAG TAAGGCAACC 

3121 CCGCCAGCCT AGCCGGGTCC TCAACGACAG GAGCACGATC ATGCGCACCC GTGGGGCCGC 

3181 CATGCCGGCG ATAATGGCCT GCTTCTCGCC GAAACGTTTG GTGGCGGGAC CAGTGACGAA 

3241 GGCTTGAGCG AGGGCGTGCA AGATTCCGAA TACCGCAAGC GACAGGCCGA TCATCGTCGC 

3301 GCTCCAGCGA AAGCGGTCCT CGCCGAAAAT GACCCAGAGC GCTGCCGGCA CCTGTCCTAC 

3361 GAGTTGCATG ATAAAGAAGA CAGTCATAAG TGCGGCGACG ATAGTCATGC CCCGCGCCCA 

3421 CCGGAAGGAG CTGACTGGGT TGAAGGCTCT CAAGGGCATC GGTCGAGATC CCGGTGCCTA 

3481 ATGAGTGAGC TAACTTACAT TAATTGCGTT GCGCTCACTG CCCGCTTTCC AGTCGGGAAA 

3541 CCTGTCGTGC CAGCTGCATT AATGAATCGG CCAACGCGCG GGGAGAGGCG GTTTGCGTAT 

3601 TGGGCGCCAG GGTGGTTTTT CTTTTCACCA GTGAGACGGG CAACAGCTGA TTGCCCTTCA 

3661 CCGCCTGGCC CTGAGAGAGT TGCAGCAAGC GGTCCACGCT GGTTTGCCCC AGCAGGCGAA 

3721 AATCCTGTTT GATGGTGGTT AACGGCGGGA TATAACATGA GCTGTCTTCG GTATCGTCGT 

3781 ATCCCACTAC CGAGATGTCC GCACCAACGC GCAGCCCGGA CTCGGTAATG GCGCGCATTG 

3841 CGCCCAGCGC CATCTGATCG TTGGCAACCA GCATCGCAGT GGGAACGATG CCCTCATTCA 

3901 GCATTTGCAT GGTTTGTTGA AAACCGGACA TGGCACTCCA GTCGCCTTCC CGTTCCGCTA 

3961 TCGGCTGAAT TTGATTGCGA GTGAGATATT TATGCCAGCC AGCCAGACGC AGACGCGCCG 
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4021 AGACAGAACT TAATGGGCCC GCTAACAGCG CGATTTGCTG GTGACCCAAT GCGACCAGAT 

4081 GCTCCACGCC CAGTCGCGTA CCGTCTTCAT GGGAGAAAAT AATACTGTTG ATGGGTGTCT 

4141 GGTCAGAGAC ATCAAGAAAT AACGCCGGAA CATTAGTGCA GGCAGCTTCC ACAGCAATGG 

4201 CATCCTGGTC ATCCAGCGGA TAGTTAATGA TCAGCCCACT GACGCGTTGC GCGAGAAGAT 

4261 TGTGCACCGC CGCTTTACAG GCTTCGACGC CGCTTCGTTC TACCATCGAC ACCACCACGC 

4321 TGGCACCCAG TTGATCGGCG CGAGATTTAA TCGCCGCGAC AATTTGCGAC GGCGCGTGCA 

4381 GGGCCAGACT GGAGGTGGCA ACGCCAATCA GCAACGACTG TTTGCCCGCC AGTTGTTGTG 

4441 CCACGCGGTT GGGAATGTAA TTCAGCTCCG CCATCGCCGC TTCCACTTTT TCCCGCGTTT 

4501 TCGCAGAAAC GTGGCTGGCC TGGTTCACCA CGCGGGAAAC GGTCTGATAA GAGACACCGG 

4561 CATACTCTGC GACATCGTAT AACGTTACTG GTTTCACATT CACCACCCTG AATTGACTCT 

4621 CTTCCGGGCG CTATCATGCC ATACCGCGAA AGGTTTTGCG CCATTCGATG GTGTCCGGGA 

4681 TCTCGACGCT CTCCCTTATG CGACTCCTGC ATTAGGAAGC AGCCCAGTAG TAGGTTGAGG 

4741 CCGTTGAGCA CCGCCGCCGC AAGGAATGGT GCATGCAAGG AGATGGCGCC CAACAGTCCC 

4801 CCGGCCACGG GGCCTGCCAC CATACCCACG CCGAAACAAG CGCTCATGAG CCCGAAGTGG 

4861 CGAGCCCGAT CTTCCCCATC GGTGATGTCG GCGATATAGG CGCCAGCAAC CGCACCTGTG 

4921 GCGCCGGTGA TGCCGGCCAC GATGCGTCCG GCGTAGAGGA TCGAGATCGA TCTCGATCCC 

4981 GCGAAATTAA TACGACTCAC TATAGGGGAA TTGTGAGCGG ATAACAATTC CCCTCTAGAA 

5041 ATAATTTTGT TTAACTTTAA GAAGGAGATA TACATATGAA AGAAACCGCT GCTGCTAAAT 

5101 TCGAACGCCA GCACATGGAC AGCCCAGATC TGGGTACCCT GGTGCCACGC GGTTCCATGG 

5161 GCATGACCCT GCCGACCCTG TGTCGTTGCG CCCTGATTCT GGGTAGTCTG TGGCTGCTGA 

5221 GCCCGGCAAC CCAGGCAGCC GATTATCAGC TGGAAAAAGT GGTTGAACTG AGTCGTCATG 

5281 GTGTGCGCCC GCCGACCCCG GGTAATCGTA AAGAAATGGA AGCCGCCAGT CAGCAGCCGT 

5341 GGACCCAGTG GACCACCGCC GATGGTGAAC TGACCGGCCA CGGTTATAGC GCAGTGGTTA 

5401 ATAAGGGTCG TTGGTGGGGT GAACATTATC GTCAGCTGGG TCTGCTGGGC TGCGGCTGTC 

5461 CGGATGCCGC TCAGGTTTAT GTGCGTGCAA GTCCGCTGCA GCGCACCCGC GCAACCGCAG 

5521 CAGCTCTGAC CGATGGCGCC TTTCCGGGCT GCGGTGTGAC CGTTCATCAT GTGGCCGGTG 

5581 ACGTGGACCC TCTGTTTCAG GGCGAAAAAC TGACCGTGAC CCGTACCGAT CCGGCCCAGG 

5641 AACTGGCAGC CAAACAGCAG AAAGCAGGCG ATCTGGCACA TCTGCAGCAG CAGTATCAGC 

5701 CGGCCATTCA GCAGCTGAAA GCCGCAGTTT GCCCGCCGGC AACCGATTGT CCGCTGTTTG 

5761 AAGCCCCGTG GACCTTTCGT CAGACCCGTA ATGGCTGCAG CTATGTGTAT GGTCTGAGCG 

5821 TTATGGCCAG TATGGTTGAA ACCCTGCGTC TGGGCTATAG TGAAAATCTG CCGTTTGATC 

5881 AGCTGGCATG GGGTCATATT ACCACCGCAG CCCAGATTAC CAGTCTGCTG CCGCTGCTGA 

5941 CCGCAAATTA TGATCTGAGC AATGATGTGC TGTATCTGGC CCAGCGTCGT GGTAGTATTC 

6001 TGCTGAATAC CATGCTGGAA GCCATTGCAG CCGATAGTAG TCCGGGTCGC TGGCTGGTTC 

6061 TGGTGGCCCA TGATACCAAT ATTGCAATGG TTCGTACCCT GATGGATTTT AATTGGCAGC 

6121 TGCCGGGTTA TAGCCGTGGT AATATTCCGC CGGGTAGTAG CCTGGTTCTG GAACGTTGGC 

6181 GCGATACCCG CAGCGGTGAA CGTTTTCTGA ATCTGTATTT TCAGGCACAG AGCCTGGATG 

6241 GCATTCGTCA GCTGCAGCCG ATTGATGATA AACATCCGCT GCTGCGCCAG GAATGGCATC 

6301 AGCCGGATTG TCGCGTTACC GCCGTTGGTC TGCTGTGTCC GTATCAGAGC ACCCTGACCC 

6361 AGCTGCGCAA AAATCTGGAT AATAGCGCAG TTCTGCCGGT GAGCGTTATT CTGCCGGCGG 

6421 CCGCACTCGA GCACCACCAC CACCACCACT GAGATCCGGC TGCTAACAAA GCCCGAAAGG 

6481 AAGCTGAGTT GGCTGCTGCC ACCGCTGAGC AATAACTAGC ATAACCCCTT GGGGCCTCTA 

6541 AACGGGTCTT GAGGGGTTTT TTGCTGAAAG GAGGAACTAT ATCCGGAT 
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C.  

 

Figure 6. 4 A. The M1 recombinant construct: A. codon optimized M1 phytase gene cloned 

in pET29b vector. B. The complete nucleotide sequence of the M1 recombinant construct 

(pET29b cloned with the optimized M1 phytase gene (red highlighted)). C. the optimized M1 

phytase protein sequence.  

 

A. 

 

Optimized Protein_M1 

MTLPTLCRCALILGSLWLLSPATQAADYQLEKVVELSRHGVRPPTPGNRKEMEAASQQP

WTQWTTADGELTGHGYSAVVNKGRWWGEHYRQLGLLGCGCPDAAQVYVRASPLQRT

RATAAALTDGAFPGCGVTVHHVAGDVDPLFQGEKLTVTRTDPAQELAAKQQKAGDLAH

LQQQYQPAIQQLKAAVCPPATDCPLFEAPWTFRQTRNGCSYVYGLSVMASMVETLRLG

YSENLPFDQLAWGHITTAAQITSLLPLLTANYDLSNDVLYLAQRRGSILLNTMLEAIAADS

SPGRWLVLVAHDTNIAMVRTLMDFNWQLPGYSRGNIPPGSSLVLERWRDTRSGERFLNL

YFQAQSLDGIRQLQPIDDKHPLLRQEWHQPDCRVTAVGLLCPYQSTLTQLRKNLDNSAV

LPVSVILP 
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B. 

 

 

 

1    TGGCGAATGG GACGCGCCCT GTAGCGGCGC ATTAAGCGCG GCGGGTGTGG TGGTTACGCG 

61   CAGCGTGACC GCTACACTTG CCAGCGCCCT AGCGCCCGCT CCTTTCGCTT TCTTCCCTTC 

121  CTTTCTCGCC ACGTTCGCCG GCTTTCCCCG TCAAGCTCTA AATCGGGGGC TCCCTTTAGG 

181  GTTCCGATTT AGTGCTTTAC GGCACCTCGA CCCCAAAAAA CTTGATTAGG GTGATGGTTC 

241  ACGTAGTGGG CCATCGCCCT GATAGACGGT TTTTCGCCCT TTGACGTTGG AGTCCACGTT 

301  CTTTAATAGT GGACTCTTGT TCCAAACTGG AACAACACTC AACCCTATCT CGGTCTATTC 

361  TTTTGATTTA TAAGGGATTT TGCCGATTTC GGCCTATTGG TTAAAAAATG AGCTGATTTA 

421  ACAAAAATTT AACGCGAATT TTAACAAAAT ATTAACGTTT ACAATTTCAG GTGGCACTTT 

481  TCGGGGAAAT GTGCGCGGAA CCCCTATTTG TTTATTTTTC TAAATACATT CAAATATGTA 

541  TCCGCTCATG AATTAATTCT TAGAAAAACT CATCGAGCAT CAAATGAAAC TGCAATTTAT 

601  TCATATCAGG ATTATCAATA CCATATTTTT GAAAAAGCCG TTTCTGTAAT GAAGGAGAAA 

661  ACTCACCGAG GCAGTTCCAT AGGATGGCAA GATCCTGGTA TCGGTCTGCG ATTCCGACTC 

721  GTCCAACATC AATACAACCT ATTAATTTCC CCTCGTCAAA AATAAGGTTA TCAAGTGAGA 

781  AATCACCATG AGTGACGACT GAATCCGGTG AGAATGGCAA AAGTTTATGC ATTTCTTTCC 

841  AGACTTGTTC AACAGGCCAG CCATTACGCT CGTCATCAAA ATCACTCGCA TCAACCAAAC 

901  CGTTATTCAT TCGTGATTGC GCCTGAGCGA GACGAAATAC GCGATCGCTG TTAAAAGGAC 

961  AATTACAAAC AGGAATCGAA TGCAACCGGC GCAGGAACAC TGCCAGCGCA TCAACAATAT 

1021 TTTCACCTGA ATCAGGATAT TCTTCTAATA CCTGGAATGC TGTTTTCCCG GGGATCGCAG 

1081 TGGTGAGTAA CCATGCATCA TCAGGAGTAC GGATAAAATG CTTGATGGTC GGAAGAGGCA 

1141 TAAATTCCGT CAGCCAGTTT AGTCTGACCA TCTCATCTGT AACATCATTG GCAACGCTAC 

1201 CTTTGCCATG TTTCAGAAAC AACTCTGGCG CATCGGGCTT CCCATACAAT CGATAGATTG 

1261 TCGCACCTGA TTGCCCGACA TTATCGCGAG CCCATTTATA CCCATATAAA TCAGCATCCA 

1321 TGTTGGAATT TAATCGCGGC CTAGAGCAAG ACGTTTCCCG TTGAATATGG CTCATAACAC 

1381 CCCTTGTATT ACTGTTTATG TAAGCAGACA GTTTTATTGT TCATGACCAA AATCCCTTAA 

1441 CGTGAGTTTT CGTTCCACTG AGCGTCAGAC CCCGTAGAAA AGATCAAAGG ATCTTCTTGA 

1501 GATCCTTTTT TTCTGCGCGT AATCTGCTGC TTGCAAACAA AAAAACCACC GCTACCAGCG 

1561 GTGGTTTGTT TGCCGGATCA AGAGCTACCA ACTCTTTTTC CGAAGGTAAC TGGCTTCAGC 

1621 AGAGCGCAGA TACCAAATAC TGTCCTTCTA GTGTAGCCGT AGTTAGGCCA CCACTTCAAG 

1681 AACTCTGTAG CACCGCCTAC ATACCTCGCT CTGCTAATCC TGTTACCAGT GGCTGCTGCC 

1741 AGTGGCGATA AGTCGTGTCT TACCGGGTTG GACTCAAGAC GATAGTTACC GGATAAGGCG 

1801 CAGCGGTCGG GCTGAACGGG GGGTTCGTGC ACACAGCCCA GCTTGGAGCG AACGACCTAC 

1861 ACCGAACTGA GATACCTACA GCGTGAGCTA TGAGAAAGCG CCACGCTTCC CGAAGGGAGA 

1921 AAGGCGGACA GGTATCCGGT AAGCGGCAGG GTCGGAACAG GAGAGCGCAC GAGGGAGCTT 

1981 CCAGGGGGAA ACGCCTGGTA TCTTTATAGT CCTGTCGGGT TTCGCCACCT CTGACTTGAG 

2041 CGTCGATTTT TGTGATGCTC GTCAGGGGGG CGGAGCCTAT GGAAAAACGC CAGCAACGCG 

2101 GCCTTTTTAC GGTTCCTGGC CTTTTGCTGG CCTTTTGCTC ACATGTTCTT TCCTGCGTTA 

2161 TCCCCTGATT CTGTGGATAA CCGTATTACC GCCTTTGAGT GAGCTGATAC CGCTCGCCGC 

2221 AGCCGAACGA CCGAGCGCAG CGAGTCAGTG AGCGAGGAAG CGGAAGAGCG CCTGATGCGG 

2281 TATTTTCTCC TTACGCATCT GTGCGGTATT TCACACCGCA TATATGGTGC ACTCTCAGTA 

2341 CAATCTGCTC TGATGCCGCA TAGTTAAGCC AGTATACACT CCGCTATCGC TACGTGACTG 

2401 GGTCATGGCT GCGCCCCGAC ACCCGCCAAC ACCCGCTGAC GCGCCCTGAC GGGCTTGTCT 

2461 GCTCCCGGCA TCCGCTTACA GACAAGCTGT GACCGTCTCC GGGAGCTGCA TGTGTCAGAG 

2521 GTTTTCACCG TCATCACCGA AACGCGCGAG GCAGCTGCGG TAAAGCTCAT CAGCGTGGTC 

2581 GTGAAGCGAT TCACAGATGT CTGCCTGTTC ATCCGCGTCC AGCTCGTTGA GTTTCTCCAG 

2641 AAGCGTTAAT GTCTGGCTTC TGATAAAGCG GGCCATGTTA AGGGCGGTTT TTTCCTGTTT 

2701 GGTCACTGAT GCCTCCGTGT AAGGGGGATT TCTGTTCATG GGGGTAATGA TACCGATGAA 

2761 ACGAGAGAGG ATGCTCACGA TACGGGTTAC TGATGATGAA CATGCCCGGT TACTGGAACG 

2821 TTGTGAGGGT AAACAACTGG CGGTATGGAT GCGGCGGGAC CAGAGAAAAA TCACTCAGGG 

2881 TCAATGCCAG CGCTTCGTTA ATACAGATGT AGGTGTTCCA CAGGGTAGCC AGCAGCATCC 

2941 TGCGATGCAG ATCCGGAACA TAATGGTGCA GGGCGCTGAC TTCCGCGTTT CCAGACTTTA 

3001 CGAAACACGG AAACCGAAGA CCATTCATGT TGTTGCTCAG GTCGCAGACG TTTTGCAGCA 

3061 GCAGTCGCTT CACGTTCGCT CGCGTATCGG TGATTCATTC TGCTAACCAG TAAGGCAACC 

3121 CCGCCAGCCT AGCCGGGTCC TCAACGACAG GAGCACGATC ATGCGCACCC GTGGGGCCGC 
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3181 CATGCCGGCG ATAATGGCCT GCTTCTCGCC GAAACGTTTG GTGGCGGGAC CAGTGACGAA 

3241 GGCTTGAGCG AGGGCGTGCA AGATTCCGAA TACCGCAAGC GACAGGCCGA TCATCGTCGC 

3301 GCTCCAGCGA AAGCGGTCCT CGCCGAAAAT GACCCAGAGC GCTGCCGGCA CCTGTCCTAC 

3361 GAGTTGCATG ATAAAGAAGA CAGTCATAAG TGCGGCGACG ATAGTCATGC CCCGCGCCCA 

3421 CCGGAAGGAG CTGACTGGGT TGAAGGCTCT CAAGGGCATC GGTCGAGATC CCGGTGCCTA 

3481 ATGAGTGAGC TAACTTACAT TAATTGCGTT GCGCTCACTG CCCGCTTTCC AGTCGGGAAA 

3541 CCTGTCGTGC CAGCTGCATT AATGAATCGG CCAACGCGCG GGGAGAGGCG GTTTGCGTAT 

3601 TGGGCGCCAG GGTGGTTTTT CTTTTCACCA GTGAGACGGG CAACAGCTGA TTGCCCTTCA 

3661 CCGCCTGGCC CTGAGAGAGT TGCAGCAAGC GGTCCACGCT GGTTTGCCCC AGCAGGCGAA 

3721 AATCCTGTTT GATGGTGGTT AACGGCGGGA TATAACATGA GCTGTCTTCG GTATCGTCGT 

3781 ATCCCACTAC CGAGATGTCC GCACCAACGC GCAGCCCGGA CTCGGTAATG GCGCGCATTG 

3841 CGCCCAGCGC CATCTGATCG TTGGCAACCA GCATCGCAGT GGGAACGATG CCCTCATTCA 

3901 GCATTTGCAT GGTTTGTTGA AAACCGGACA TGGCACTCCA GTCGCCTTCC CGTTCCGCTA 

3961 TCGGCTGAAT TTGATTGCGA GTGAGATATT TATGCCAGCC AGCCAGACGC AGACGCGCCG 

4021 AGACAGAACT TAATGGGCCC GCTAACAGCG CGATTTGCTG GTGACCCAAT GCGACCAGAT 

4081 GCTCCACGCC CAGTCGCGTA CCGTCTTCAT GGGAGAAAAT AATACTGTTG ATGGGTGTCT 

4141 GGTCAGAGAC ATCAAGAAAT AACGCCGGAA CATTAGTGCA GGCAGCTTCC ACAGCAATGG 

4201 CATCCTGGTC ATCCAGCGGA TAGTTAATGA TCAGCCCACT GACGCGTTGC GCGAGAAGAT 

4261 TGTGCACCGC CGCTTTACAG GCTTCGACGC CGCTTCGTTC TACCATCGAC ACCACCACGC 

4321 TGGCACCCAG TTGATCGGCG CGAGATTTAA TCGCCGCGAC AATTTGCGAC GGCGCGTGCA 

4381 GGGCCAGACT GGAGGTGGCA ACGCCAATCA GCAACGACTG TTTGCCCGCC AGTTGTTGTG 

4441 CCACGCGGTT GGGAATGTAA TTCAGCTCCG CCATCGCCGC TTCCACTTTT TCCCGCGTTT 

4501 TCGCAGAAAC GTGGCTGGCC TGGTTCACCA CGCGGGAAAC GGTCTGATAA GAGACACCGG 

4561 CATACTCTGC GACATCGTAT AACGTTACTG GTTTCACATT CACCACCCTG AATTGACTCT 

4621 CTTCCGGGCG CTATCATGCC ATACCGCGAA AGGTTTTGCG CCATTCGATG GTGTCCGGGA 

4681 TCTCGACGCT CTCCCTTATG CGACTCCTGC ATTAGGAAGC AGCCCAGTAG TAGGTTGAGG 

4741 CCGTTGAGCA CCGCCGCCGC AAGGAATGGT GCATGCAAGG AGATGGCGCC CAACAGTCCC 

4801 CCGGCCACGG GGCCTGCCAC CATACCCACG CCGAAACAAG CGCTCATGAG CCCGAAGTGG 

4861 CGAGCCCGAT CTTCCCCATC GGTGATGTCG GCGATATAGG CGCCAGCAAC CGCACCTGTG 

4921 GCGCCGGTGA TGCCGGCCAC GATGCGTCCG GCGTAGAGGA TCGAGATCGA TCTCGATCCC 

4981 GCGAAATTAA TACGACTCAC TATAGGGGAA TTGTGAGCGG ATAACAATTC CCCTCTAGAA 

5041 ATAATTTTGT TTAACTTTAA GAAGGAGATA TACATATGAA AGAAACCGCT GCTGCTAAAT 

5101 TCGAACGCCA GCACATGGAC AGCCCAGATC TGGGTACCCT GGTGCCACGC GGTTCCATGG 

5161 GCATGACCCT GCCGACCCTG TGCCGTTGTG CACTGATTCT GGGCAGCCTG TGGCTGCTGA 

5221 GCCCGGCAAC CCAGGCAGCC GATTATCAGC TGGAAAAAGT TGTGGAACTG AGTCGTCATG 

5281 GCGTGCGTCC GCCGACCCCG GGTAATCGTA AAGAAATGGA AGCAGCAAGC CAGCAGCCGT 

5341 GGACCCAGTG GACCACCGCA GATGGTGAAC TGACCGGCCA CGGTTATAGC GCCGTGGTGA 

5401 ATAAGGGCCG CTGGGAAGGC GAACATTATC GCCAGCTGGG TCTGCTGGGT ACCGGTTGCC 

5461 CGGATGCCGC CCAGGTGTAT GTTCGTGCCA GCCCGCTGCA GCGCACCCGT GCAACAGCAG 

5521 CCGCACTGAC CGATGGTGCC TTTCCGGGTT GTGGTGTGAC CGTGCATCAT GTTGCAGGCG 

5581 ATGTTGATCC GCTGTTTCAG GGTGAAAAAC TGACCGTGAC CCGTACCGAT CCGGCACAGG 

5641 AACTGGCATG TAAACAGCAG AAAGCCGGTG ACCTGGCACA TCTGCAGCAG CAGCTGCAGC 

5701 CGGCAATTCA GCAGCTGAAA GCCGCCGTGT GCCCGCCGGC TACCGATTGT CCGCTGTTTG 

5761 AAGCCCCGTG GACCTTTCGC CAGACCCGCA ATGGTAATAG TTATGTGTAT GGTCTGAGCG 

5821 TTATGGCCAG CATGGTTGAA ACCCTGCGCC TGGGTTATAG CGAAAATCTG CCGTTTGATC 

5881 AGCTGGCCTG GGGCCATATT ACCACCGCCG CCCAGATTAC CAGTCTGCTG CCGCTGCTGA 

5941 CCGCAAATTA TGATCTGAGC AATGATGTTC TGTGTCTGGC ACAGCGCCGT GGCAGTATTC 

6001 TGCTGAATAC CATGCTGGAA GCCATTGCCG CAGATAGCAG TCCGGGCCGC TGGCTGGTGC 

6061 TGGTTGCCCA TGATACCAAT ATTGCAATGG TTCGTACCCT GATGGATTTT AATTGGCAGC 

6121 TGCCGGGTTA TAGCCGTGGT AATATTCCGC CGGGTAGTAG TCTGGTGCTG GAACGTTGGC 

6181 GTGATACCCG CAGCGGCGAA CGTTTTCTGC GTCTGTATTT TCAGGCACAG AGCCTGGATG 

6241 GTATTCGCCA GCTGCAGCCT ATTGATGATA AACATCCGCT GCTGCGTCAG GAATGGCATC 

6301 AGCCGGATTG TCGCGTGACC GCAGTTGGTC TGCTGTGTCC GTATCAGAGC ACCCTGACCC 

6361 AGCTGCGCAA AAATCTGGAT AATAGTGCAG TGCTGCCGGT GAGCGTGATT CTGCCGGCGG 

6421 CCGCACTCGA GCACCACCAC CACCACCACT GAGATCCGGC TGCTAACAAA GCCCGAAAGG 

6481 AAGCTGAGTT GGCTGCTGCC ACCGCTGAGC AATAACTAGC ATAACCCCTT GGGGCCTCTA 
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C. 

 

Figure 6. 5 A. The M2 recombinant construct: a. codon optimized M2 phytase gene cloned in 

pET29b vector. B. The complete nucleotide sequence of the M2 recombinant construct 

(pET29b cloned with the optimized M2 phytase gene (red highlighted)). C. the optimized M2 

phytase protein sequence. 

Subsequently, the recombinant constructs were separately introduced into the E.coli 

BL21(DE3) host system, resulting in the creation of three distinct systems: WT-pET29b (WT), 

M1-pET29-b (M1), and M2-pET29b (M2). Each of these E.coli BL21(DE3) systems was 

induced using IPTG (1mM) at 30˚C for an overnight period, facilitating the over-expression 

and production of WT and M2 in substantial amounts. However, M1 was found to be unstable 

and failed to achieve over-expression in the host system. Therefore, only WT and M2 phytases 

were purified using IMAC via His60NiSF resin. The molecular weight observed for the over-

expressed WT and mutant M2 phytases was approximately 43kDa (as indicated in (Figure 6. 

6)). Western blot analysis further corroborated this data (Figure 6. 6). 

 

 

 

 

 

6541 AACGGGTCTT GAGGGGTTTT TTGCTGAAAG GAGGAACTAT ATCCGGAT 

Optimized Protein_M2 

MTLPTLCRCALILGSLWLLSPATQAADYQLEKVVELSRHGVRPPTPGNRKEMEAASQQP

WTQWTTADGELTGHGYSAVVNKGRWEGEHYRQLGLLGTGCPDAAQVYVRASPLQRTR

ATAAALTDGAFPGCGVTVHHVAGDVDPLFQGEKLTVTRTDPAQELACKQQKAGDLAHL

QQQLQPAIQQLKAAVCPPATDCPLFEAPWTFRQTRNGNSYVYGLSVMASMVETLRLGYS

ENLPFDQLAWGHITTAAQITSLLPLLTANYDLSNDVLCLAQRRGSILLNTMLEAIAADSSP

GRWLVLVAHDTNIAMVRTLMDFNWQLPGYSRGNIPPGSSLVLERWRDTRSGERFLRLYF

QAQSLDGIRQLQPIDDKHPLLRQEWHQPDCRVTAVGLLCPYQSTLTQLRKNLDNSAVLP

VSVILP 
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Figure 6. 6 A. Purified WT and M2 resolved on 10% SDS-PAGE gel. B. Western blot analysis 

of purified WT and M2 system.  

6.3.3.2 Biochemical characterization of wildtype, and mutant phytases:  

KH2PO4 was used as a standard to analyze the release of inorganic phosphate (Figure 6. 7).  
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Figure 6. 7 KH2PO4 was utilized as a benchmark to measure the liberation of inorganic phosphate across varying pH levels (pH 2, 3, 4, 4.5, 5, 5.5, 

6, 7, and 8). 



 

Chapter 6 

Sunandan Divatia School of Science, SVKM’s NMIMS (Deemed-to-be) University   218 

Effect of pH on phytase activity:  

WT and M2 phytases underwent exposure to varied pH conditions (ranging from pH 2 to pH 

8), and their respective phytase activities were measured under standard conditions (37˚C for 

30 minutes). The results revealed that both WT and M2 displayed an optimal pH of 4 (as 

indicated in Figure 6. 8). Notably, the optimal pH for both the wild type and mutant was 

observed within the acidic range. 

Effect of temperature on phytase activity: 

Phytase activity assays were carried out for WT and M2 phytases across varying temperatures 

(ranging from 30 to 70˚C). The results unveiled that the optimum temperature for WT was 

45˚C, whereas for M2, it was slightly higher at 50˚C. Consequently, a noticeable 5˚C difference 

in temperature optima was observed between the two variants (illustrated in Figure 6. 9). 

Effect of substrate concentration on phytase activity: 

Km of WT and M2 were found to be 0.24 and 0.33 mM respectively (Figure 6. 10). 

 

 

Figure 6. 8 Effect of different pH conditions on purified PVP. 
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Figure 6. 9 Effect of different temperature conditions on purified PVP activity. 

 

 

Figure 6. 10 Effect of substrate concentration on purified PVP activity: A.wildtype PVP, B. 

M2.   
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6.3.3.3 Biophysical characterization of wildtype, and mutant phytases:  

Circular dichroism (CD) experiment:  

The CD method was used to study protein folding of purified WT and M2. It was found that 

all the WT and M2 are properly folded as shown in (Figure 6. 11).   

 

Figure 6. 11 Circular Dichroism analysis of A. WT, B.M2. 

Isothermal titration calorimetry (ITC) experiment:  

The ligand binding affinity of WT and M2 was measured by isothermal titration calorimetry. 

The binding affinity (KD) value for various phytases is in micro micromolar range as shown 

in Table 6. 10. The KD value for WT is 52μM whereas for M2 is also in a similar range which 

is 56 μM.   

Table 6. 10 Binding affinity of WT and M2 by using Isothermal titration calorimetry (ITC) 

experiment. 

Substrate Binding affinity (Kd) (µM) 

WT 52 

M2 56 
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Differential scanning fluorimetry (DSF) experiment: 

DSF data revealed that Tm of WT and M2 was found to be 58 and 60˚C respectively (Figure 

6. 12). This change in Tm indicated that M2 was more stable than WT.  

 

Figure 6. 12 Differential scanning fluorimetry analysis of WT and M2. 

6.4 Discussion 

Protein engineering methods, like rational or semi-rational approaches and directed evolution, 

offer ways to enhance enzyme characteristics such as thermostability, resistance to degradation, 

or achieving stability across various pH ranges. E.g., Shivange et al. focus on the reduction of 

flexibility to enhance thermostability via the adopted KeySIDE approach along with directed 

evolution, to improve the thermostability of Yersinia mollaretii phytase (Ymphytase) which 

involved a combination of investigating iterative key residues of the wild type and identifying 

substitutions using directed evolution method. M6 mutant (T77K, Q154H, G187S, and K289Q) 

improved the residual activity as compared to the wild type. The mutations T77K, G187S, and 

K289E/Q reduced the flexibility of the loops near helices which overall increased 

thermostability (Shivange et al., 2016). Directed evolution involves screening many colonies 

to find enzymes with specific traits, making it costly and time-consuming (L. Li et al., 2022).   

Conversely, the rational engineering approach reduces expenses and saves time by utilizing in-

silico hotspot identification, minimizing the number of colonies needed for screening. Fei et.al. 

focused on Protein flexibility as well as protein surface analysis and enhancement of salt 

bridges as a strategy for rational engineering of Escherichia coli AppA phytase. They analyzed 

protein flexibility with the help of a root mean square deviation (RMSF) graph obtained via 
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Molecular Dynamic (MD) simulation. Surface thermal unstable residues were targeted based 

on their RMSF values which were above 2 A˚ and are above 4 A˚ away from the AppA 

functional sites. They demonstrated that the salt bridges and the α/β- domain of E. coli phytase 

are of utmost importance. They introduced mutation Q307D which enhanced thermostability 

by 9.15% at 80˚C for 5 min compared to the wild type (Cao et al., 2013). Han et.al. adopted a 

consensus sequence rational protein engineering approach to engineer A.niger  phytase (Anp) 

by structural comparison with A.fumigatus phytase (Afp) structure with the help of Molecular 

dynamics simulation. In AnP, the segments A35-P42, R163-Q168, and T248-K254 exhibited 

the highest main chain deviation. Hence these were targets for engineering. By hydrogen bond 

analysis of mutant candidate, it was found that S39 and S42 in segment-1, T165, N166, and 

R167 in segment-2, R248, D251, A252, and Q254 in segment-3 have the greatest contribution 

to the enhanced thermostability. The mutant candidate retained more activity compared to the 

wild type (Han et al., 2018). Similarly, In-silico hotspot identification, using various tools, 

servers, or software, has been applied to enhance the properties of enzymes like lipase (G. Li 

et al., 2018b), phospholipase D (L. Li et al., 2022), and phytases (Tan et al., 2016) (Wang et 

al., 2018).  

In the present study, In-silico identification of hotspots focused on understanding and 

improving the stability of PVP. Hotspots or thermos-liable regions/ residues were identified by 

using computational tools/servers/ software such as Disulfide by Design2, Consensus Finder, 

Consurf, Hotspot Wizard, Fireprot, CABSFLEX, and based on literature. We also employed a 

combination of these methods to generate a comprehensive list of potential hotspots.  To further 

refine the selection, the hotspots identified were evaluated based on the ∆G or ∆∆G (change in 

free energy) values calculated using FoldX software. The ∆G values of the mutant variants 

were expected to be lower than those of the wild-type (WT) enzyme, indicating improved 

stability.   

A thorough analysis yielded a list of potential mutants. Two mutants i.e., M1 

(E85W/T97C/L178Y/N212C/R350N) and M2 (A163C, Y271C) which were obtained from a 

Literature-based strategy were shortlisted. 

According to the various individual computational tools, such as Disulfide by Design2 (D2D), 

consensus finder, Consurf, and FireProt, were employed to enhance the performance of a novel 

acidobacteria-derived phytase (Tan et al., 2016), nitrilase (Xiong et al., 2022), xylanase 

(Dotsenko et al., 2022), and Amylosucrases (Tian et al., 2022), respectively. However, this 
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study stands out due to its distinctive approach of utilizing a diverse range of computational 

tools, servers, and software to generate an extensive list of potential mutant enzymes, resulting 

in a comprehensive analysis. 

After identifying potential hotspots and selecting desired mutations or combinations of 

mutations, experimental validation is usually carried out to confirm the predicted effects and 

evaluate the performance of the engineered enzymes such as lipase (G. Li et al., 2018b), 

amylase (Liu et al., 2014), phytases (Tan et al., 2016) and many other. In the present study, 

experimental validation consisted of over-expression of phytases (WT, M1, and M2) followed 

by biochemical and biophysical characterization. WT and M2 were found to over-express in 

E.coli BL21(D3) host system, whereas M1 was unstable. Hence, only M2 and WT were 

biochemically and biophysically characterized. According to the biochemical characterization, 

the optimum pH of M2 and WT was found to be 4 which was similar to its closest homolog 

Klebsiella (Sajidan et al., 2004) (Böhm et al., 2010). The optimum temperatures of WT and 

M2 were 45˚C and 50˚C respectively. Hence, there was a 5˚C temperature shift which signifies 

that M2 was stable compared to that of WT and Klebsiella phytase (Sajidan et al., 2004) (Böhm 

et al., 2010). The thermostability assay revealed that the WT and M2 were stable at 50˚C, 

however, the % residual activity decreased at 60 and 70˚C. The same pattern of thermostability 

was observed in Klebsiella phytase (Sajidan et al., 2004). The effect of substrate concentration 

analysis revealed that Km of WT and M2 were 0.24 and 0.33mM respectively which were 

comparable to Klebsiella phytase (Greiner et al., 1997).  

ITC is one of the most used methods for protein-ligand interaction thermodynamics study. It 

has been well well-established method for protein-protein interaction, protein-substrate binding 

study, protein-DNA interaction study, and for protein antibody interaction study. This method 

uses the binding equilibrium directly by measuring the heat upon association of substrate with 

its binding partner. This method has been successfully used in membrane protein kinetics. Here 

we also measured the binding affinity value for various recombinant expressed and purified 

phytase from different sources. All these phytases showed affinity in the micro molar range. 

Along with ITC we also successfully showed that this phytase from different sources are 

properly folded after purification which were used for various biophysical characterization. 

Along with ITC and CD we also measured the Tm values of WT and M2. By using the DSF 

method we could also show how mutation helps to further stabilize PVP as shown in DSF.  
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6.5 Summary and Conclusion: 

In this investigation, the primary focus was on employing computational tools and 

methodologies to identify hotspots within the novel PVP, aiming to comprehend and enhance 

its stability. Utilizing tools like Disulfide by Design2, Consensus Finder, Consurf, Hotspot 

Wizard, Fireprot, and CABSFLEX, and referencing existing literature, we generated a 

comprehensive list of potential hotspots in the enzyme. These identified regions were further 

assessed based on their calculated ∆G or ∆∆G values using FoldX software, where lower values 

compared to the wild-type enzyme indicated potential stability improvements. The meticulous 

analysis led to the identification of mutants, including M1 

(E85W/T97C/L178Y/N212C/R350N) and M2 (A163C, Y271C), obtained through a literature-

based strategy. This study's strength lies in its unique approach, amalgamating a diverse array 

of computational tools and software, culminating in an extensive list of potential mutant 

enzymes and a comprehensive analysis. 

After hotspot identification and mutation selection, experimental validation typically verifies 

predicted effects and evaluates engineered enzyme performance. Here, the experimental 

validation involved over-expressing phytases (WT, M1, and M2) and conducting biochemical, 

biophysical characterization, and Western blot analysis. It was observed that M1 exhibited 

instability, leading to the focus on the characterization of only M2 and WT, which displayed 

successful over-expression in the E. coli BL21(D3) host system. In summary, this study 

explores varied identification approaches and sheds light on the stability and potential 

enhancements of PVP through both computational and experimental methodologies. 
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Summary and Conclusion 

In this present study, three different approaches were used to identify potential phytase 

producers: conventional, metagenomics, and in-silico bioprospecting. In the case of the 

conventional approach by implementing preliminary screening methods, the study effectively 

reduced the costs and resources required for large-scale experimentation. Overall, this study 

offers an alternative, smaller-scale approach to identifying microbes present in soil that produce 

effective phytase. The metagenomic approach involved analysis of pig stag soil DNA using 

16S rDNA sequencing which identified the Xanthomonadaceae family as a potential target for 

further investigation of phytase activity. In-silico bioprospecting methods were used to identify 

potential phytase producers from different databases. In this study, a total number of 17 

different genera were identified, including Pantoea vagans(PV) and Edwardsiella tarda (ET). 

The phytases from PV and ET were further studied computationally and experimentally. 

Hence, the combination of these three approaches enabled us to identify a wide range of 

potential phytase producers.   

Both in-silico characterization and experimental validation indicated that PVP exhibited 

greater stability than ETP, making it the preferred candidate for further optimization using 

rational engineering techniques. 

In this study, we used various computational techniques to identify potential mutations in PVP 

that could improve its stability. By applying specific criteria and filters, we generated a list of 

shortlisted mutants. This study is notable for its unique methodology, which involved 

employing a wide array of computational tools, servers, and software to produce a 

comprehensive analysis and generate an extensive list of potential mutant enzymes.  

Based on the experimental validation results, it was determined that M2 was more stable than 

WT in terms of Tm values. 
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Significance of the study 

The significance of this study lies in its exploration of different approaches to identify potential 

phytase producers. By employing conventional, metagenomic, and in-silico bioprospecting 

methods, we were able to identify a wide range of potential phytase producers. The 

conventional approach involved preliminary screening methods that reduced costs and 

resources needed for large-scale experimentation. This approach allowed for the identification 

of microbes in soil that produce effective phytase, providing an alternative, smaller-scale 

method. In addition to the above points, this study stands out due to its distinctive approach, 

utilizing a diverse range of computational tools, servers, and software to conduct a thorough 

analysis and create a vast list of potential mutant enzymes.  

Overall, this study contributes to the understanding of potential phytase producers, explores 

different approaches for their identification, and provides insights into the stability and 

potential improvements of these enzymes through computational and experimental techniques. 

 

Future Prospects 

This research identified promising phytase-producing candidates through in-silico 

bioprospecting. Subsequently, the isolated phytases require thorough characterization and 

experimental verification to assess their functionality and properties. Protein engineering 

methods can then be employed to optimize these enzymes, with potential mutations shortlisted 

for further investigation. A combination of computational characterization, molecular 

dynamics simulations, and wet lab validation can ultimately guide the selection of the most 

effective mutant. 
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Appendix 

• Phytase screening broth (PSB) composition: 

Components 
gm/L of Distilled water and 

respective (%) 

D-glucose 10 (1%) 

Sodium phytate (Himedia) 4 (0.4%) 

Calcium chloride (CaCl2) 2 (0.2%) 

Ammonium nitrate (NH4NO3) 5 (0.5%) 

Potassium chloride (KCl) 0.5 (0.05%) 

Magnesium sulfate heptahydrate (MgSO4.7H2O) 0.5 (0.05%) 

Ferrous sulfate heptahydrate (FeSO4.7H2O) 0.01 (0.001%) 

Manganese sulfate heptahydrate (MnSO4.7H2O) 0.01 (0.001%) 

Note:  

1. D-glucose and Sodium phytate should be filtered sterilized and added after autoclaving. 

2. Add 3% agar in PSB to prepare phytase screening agar (PSA).  

 

• 50X Tris-acetate Buffer: 

Reagent Weight 

2M Tris 121.14g 

1M Glacial acetic acid 28.57ml 

50mM EDTA 9.306gm 

Mix the above chemicals in 450ml water. Adjust pH 8. Make up the volume to 500ml with 

distilled water.  
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• 0.1M Glycine-HCl buffer (pH 2,3, and 3.6):  

Reagent pH 2 pH 3 pH 3.6 

Glycine (75.07 g/mol) 0.38g 0.38g 0.38g 

HCl (36.46 g/mol) 0.37ml 0.09ml 0.045ml 

Dissolve Glycine in 45ml of distilled water and adjust pH at 2, 3, and 3.6 by slowly adding 

HCl (as mentioned in the table). Do not add the mentioned HCl quantity at once. Add gently 

as per the requirement. Make up the volume to 50ml with distilled water.  

 

• 0.1M Sodium acetate buffer (pH 3.6, 4, 4.5, 5, 5.5, 6): 

Reagent pH 3.6 pH 4 pH 4.5 pH 5 pH 5.5 pH 6 

Sodium 

acetate 

(mg) 

19.791 

(0.004825 

M) 

93.047 

(0.02269M) 

184.617 

(0.04501M) 

276.187 

(0.06734M) 

367.757 

(0.08966M) 

386.071 

(0.09413M) 

Acetic 

acid 

(ml) 

0.285 

(0.09517 

M) 

0.232 

(0.07731M) 

0.165 

(0.0549M) 

0.098 

(0.03266M) 

0.031 

(0.01034M) 

0.017 

(0.005871M) 

Dissolve Sodium acetate in 40ml of distilled water and adjust pH 3.6, 4, 4.5, 5, 5.5, and 6 with 

glacial acetic acid as mentioned in the table. Do not add the mentioned glacial acetic acid at 

once. Add as per the requirement. Make up the volume to 50ml with distilled water.  

 

• 0.1M Tris-acetic acid buffer (pH 6 and 7): 

Dissolve 0.788g of Tris-HCl in 40 ml of distilled water and adjust pH 6 and 7 with 

glacial acetic acid. Make up the volume to 50ml with distilled water.  
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• 0.1M Tris-Base (pH 7, 8, and 9): 

Dissolve 0.605g of Tris-HCl in 40 ml of distilled water and adjust pH 7, 8, and 9 with 

HCl. Make up the volume to 50ml with distilled water. 

 

• Phytate stock solution (44mM): 

Dissolve 145mg of phytate in 5 ml of respective pH buffers used in the phytase assay. 

 

• Pottasium dihydrogen phosphate (KH2PO4) (50mM):  

Dissolve 68mg of *dried KH2PO4 in 5 ml of distilled water.  

Note: *Keep some KH2PO4 powder in a hot air oven at 60˚C overnight before using it 

for assay.  

 

• 5N H2SO4: 

Add 6.86ml of concentrated H2SO4 dropwise in 43.14ml of distilled water.  

 

• 5% Ammonium molybdate: 

Add 5g of ammonium molybdate in 45ml of distilled water. Keep it in a water bath at 

50˚C. Let it dissolve. Make up the volume to 50ml by using distilled water.  

 

• Lysis buffer (200ml, pH 7): 

Stock Reagent Working Reagent 
Volume required to prepare 

working reagent 

1M Tris base 25mM Tris base 5ml 

1M NaCl 300mM NaCl 60ml 

Dissolve the above chemicals and adjust pH 7. 

Distilled water - 135ml 

Total volume  200ml 
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• Kanamycin sulfate (50 mg/ml): 

Stock preparation: Weigh 500mg of Kanamycin sulfate in 8 ml of distilled water. 

Vortex till it is soluble completely. Make up the volume to 10ml. Filter sterilized 

solution by using a 0.2µm filter. Aliquot and store it in -20˚C.  

 

• 1% Agarose gel: 

Weigh 1gm of agarose powder. Add 100ml of 1XTAE buffer. Dissolve it by exposing 

it to heat by using the oven. Pour it into the gel casting apparatus.  

 

• 1M CaCl2.2H2O: for competent cells preparation: 

Weigh 14.7g CaCl2.2H2O and dissolve it in sterile distilled water via vortexing. Filter 

sterilizes solution by using a 0.2µm filter. Store at 4˚C for competent cell preparation. 

  

• 0.1M CaCl2.2H2O: competent cells preparation: 

Add 1 ml of the above filter and sterilize 1M CaCl2.2H2O in 9 ml of distilled water. 

Store at 4˚C for competent cell preparation. 

 

• Freezing Mixture for competent cell storage: 

Reagent Volume 

Sterile 0.1M CaCl2.2H2O 0.6ml 

Sterile 15% glycerol 3ml of sterile 30% glycerol stock 

Sterile Distilled water 2.4ml 

Total volume 6ml 

 

• 1M Isopropyl β-D-1-thiogalactopyranoside  (IPTG): 

Weigh 2.38g IPTG powder and dissolve it in 8 ml of sterile distilled water. Make up 

the final volume of 10ml. Filter sterilize it by using a 0.2µm filter. Store at -20˚C for 

up to one year.  

 

 



 

Appendix 

Sunandan Divatia School of Science, SVKM’s NMIMS (Deemed-to-be) University   272 

• 4X SDS-PAGE gel loading dye was prepared according to the following: 

Reagents 
Quantity 

100% Glycerol 4 ml 

1 M Tris (pH 6.8) 2.4ml 

SDS 0.8 g 

Bromophenol blue 4 mg 

*β-mercaptoethanol 0.5 ml 

Distilled water 3.1 ml 

Total volume 10ml 

Note: Add all the above reagents except β-mercaptoethanol. This is labeled as incomplete 4X 

SDS-PAGE gel loading dye. To prepare complete 4X SDS-PAGE gel loading dye: aliquot 

required incomplete 4X SDS-PAGE gel loading dye and *add required β-mercaptoethanol to 

make complete 4X SDS-PAGE gel loading dye.  

 

• Resolving Gel Buffer Solution (1.5M Tris, pH 8.8): 

18.17 g Tris-Base was dissolved in 70 mL of deionized water. The pH was adjusted to 

8.8 with HCl and the volume was made up to 100 mL with distilled water. 

 

• Stacking Gel Buffer Solution (0.5M Tris, pH 6.8): 

6.055 g Tris base was dissolved in 70 mL of DI water. The pH was adjusted to 6.8 with 

HCl and the volume was made up to 100 mL with distilled water. 

 

• 30% Acrylamide solution: 

Prepare the solution in dark conditions. Add 29.2g of acrylamide powder and 0.8g of 

Bis-acrylamide powder. Mix it by using a magnetic stirrer. Store at 4˚C.  
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• 10% SDS-PAGE resolving gel:  

Composition of resolving gel Quantity (ml) 

Distilled water 4 

30% Acrylamide 3.3 

1.5 M Tris (pH 8.8) 2.5 

10% SDS 0.1 

10% Ammonium persulphate 0.1 

TEMED 0.004 

Total volume 10 

 

• 5% stacking gel:  

Composition of resolving gel Quantity (ml) 

Distilled water 3.4 

30% Acrylamide 0.83 

1 M Tris (pH 6.8) 0.63 

10% SDS 0.05 

10% Ammonium persulphate 0.05 

TEMED 0.005 

Total volume 5 
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• 5X SDS-PAGE Running Buffer (Tris-Glycine SDS buffer, pH – 8.3): 

Reagent Volume 

Tris-Base 15.1g 

Glycine 94g 

10% SDS 50ml 

Distilled water 1000ml 

 

• Coomassie staining solution: 

Reagent Volume 

0.1% Coomassie dye 0.1g 

10% acetic acid 10ml 

40% methanol 40ml 

Make up a Volume of 50 by adding Distilled water 

 

• Destaining solution: 

Reagent Volume 

45% methanol 45ml 

10% Glacial acetic acid 10ml 

45% water 45ml 

Total Volume 100ml 

 

• 1M Tris-Base (100ml, pH7): 

Dissolve 12.1g of Tris-Base in 90ml of distilled water. Adjust pH7 with HCl. Make up 

the volume to 100ml with distilled water. Autoclave it and store at RT.  
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• 1M NaCl (100ml): 

Dissolve 5.844g of NaCl in 95ml of distilled water. Make up the volume to 100ml with 

distilled water.  

 

• 1M Imidazole (100ml, pH7): 

Dissolve 6.808g of imidazole in 90ml of distilled water. Adjust pH 7. Make up the 

volume to 100ml with distilled water. Autoclave it and store at RT. 

 

• Equilibration buffer (pH7): 

Stock Working Concentration 
Volume to make working 

concentration (ml) 

1M Tris-Base 50mM Tris-Base 0.5 

1M NaCl 300mM NaCl 3 

1M Imidazole 10mM Imidazole 0.1 

Distilled water  6.4 

Total volume  10 

• Wash buffer (pH7): 

Components Concentration 
Volume to make working 

concentration (ml) 

1M Tris-Base 50mM Tris-Base 0.5 

1M NaCl 300mM NaCl 3 

1M Imidazole 40mM Imidazole 0.4 

30% Glycerol 5% Glycerol 1.7 

Distilled water  4.4 

Total volume  10 
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• Elution buffer (pH7): 

Components Concentration 
Volume to make working 

concentration (ml) 

1M Tris-Base 50mM Tris-Base 0.5 

1M NaCl 300mM NaCl 3 

1M Imidazole 450mM Imidazole 4.5 

30% Glycerol 5% Glycerol 1.7 

Distilled water  0.3 

Total volume  10 

• Dialysis buffer (pH7): 

Components Concentration 
Volume to make working 

concentration (ml) 

1M Tris Base 20mM Tris Base 20 

1M NaCl 150mM NaCl 150 

30% Glycerol 3% Glycerol 100 

Sterile water  730 

Total volume  1000 
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List of Grant, Conferences, Workshops, Awards 

Grant  

• NMIMS seed grant: 2018 (Grant no.: 401420) 

• NMIMS seed grant: 2020 (Grant no.: 402260) 

Conference(s) and poster presentation: 

• International conference: Advances in Materials Science & Applied Biology (AMSAB) held 

on 8th – 10th January 2019 at NMIMS university.  Title of the Poster presented in AMSAB: 

Computational analysis of putative phytase enzymes. 

• International conference: International Conference on Advances in Biotechnology: Current 

Discoveries and Future Perspectives (ICAB-2023) held on 17-18th October, 2023 at Amity 

University. Title of the poster presented in ICAB: Exploring novel enzymes: in-silico 

bioprospecting and experimental validation. 

Workshop: 

• ‘Bioinformatics Workshop: RNAseq data analysis’, Indian Women Scientist Association 

(IWSA) (1st-4th December 2017). 

• ‘Bioinformatics Workshop: Molecular Dynamics’, IWSA (23rd -25th December 2018). 

• ‘Molecular Docking in Rational drug design’, Ramnarain Ruia College, Mumbai (Feb 4-

6th,2021). 

• ‘Next Generation Sequencing, Proteomics and Bioinformatics’, Guru Nanak Khalsa College 

of Arts Science & Commerce (March 2020). 

• ‘Docking of Ritonavir with SARS-CoV-2 main protease to understand their binding affinity’, 

Department of Bioinformatics , GN Khalsa college. 

• ‘International workshop in the area of “Bioinformatics, Genomics, Text Mining and NGS data 

analysis’, Nextgenhelper (September 12 - 30, 2022) 
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• ‘Basics to advanced Multiomics data analysis’, Nextgenhelper (May 15th – June 15th, 2023). 

Award: 

• ‘Late Dr. Suresh Mahajan - IWSA Scholarship’ for the year 2022-2023. 
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REVIEW

In-Silico Bioprospecting: Finding Better Enzymes

Asmita Kamble1 · Sumana Srinivasan2 · Harinder Singh1 

 
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
Enzymes are essential biological macromolecules, which catalyse chemical reactions and have impacted the human civiliza-
tion tremendously. The importance of enzymes as biocatalyst was realized more than a century ago by eminent scientists like 
Kuhne, Buchner, Payen, Sumner, and the last three decades has seen exponential growth in enzyme industry, mainly due to 
the revolution in tools and techniques in molecular biology, biochemistry and production. This has resulted in high demand 
of enzymes in various applications like food, agriculture, chemicals, pharmaceuticals, cosmetics, environment and research 
sector. The cut-throat competition also pushes the enzyme industry to constantly discover newer and better enzymes regularly. 
The conventional methods to discover enzymes are generally costly, time consuming and have low success rate. Exploring 
the exponentially growing biological databases with the help of various computational tools can increase the discovering 
process, with less resource consumption and higher success rate. Present review discusses this approach, known as in-silico 
bioprospecting, which broadly involves computational searching of gene/protein databases to find novel enzymes.
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Introduction

Enzymes play an important role in our daily lives and are 
used in variety of industries and sectors like food, deter-
gent and medicine [1]. The demand of certain enzymes has 
increased exponentially, like lipases, proteases, hydrolases 
and polymerases. Research laboratories and industries are 
extensively working to find newer and better candidates. 
Major enzyme industries are regularly introducing new 
enzymes in the market. In the past two decades, several pat-
ents on enzymes have been filed and issued. Apart from 
this, there are ongoing efforts to substitute chemical reaction 
processes in industries with enzymatic processes, as they are 
greener and environment friendly alternatives. It has been 
widely accepted that a cleaner chemical synthesis process 
should be practiced to prevent pollution and avoid genera-
tion of toxic wastes [2]. Enzymatic synthesis of chemical 

compounds has emerged as a simple, better and competi-
tive route in comparison to chemical methods. Also, a high 
substrate specificity and better conversion rate with forma-
tion of low or no by-products makes enzyme a robust and 
efficient choice. Recently, Merck and Codexis developed a 
greener process for the synthesis of Sitagliptin, a drug used 
in diabetes treatment [3]. In the recent years, advancement 
in recombinant DNA technology has resulted in successful 
approaches to overexpress an enzyme in variety of host cells, 
which can help in producing the biocatalyst in high amount. 
To obtain an efficient enzyme candidate, stringent selection 
criteria are required to achieve high activity, specificity, and 
stability. In an industrial processes, the substrate, solvent, 
reaction conditions are important and an enzyme chosen 
should be able to withstand these components and condi-
tions. It is actually difficult to find a natural enzyme with all 
the properties desired in an industrial process. To fulfil the 
massive enzyme demand, various approaches are practiced 
to constantly explore different resources to obtain new and 
better enzymes. Among these, in-silico bioprospecting has 
come up as an efficient, cost and time effective approach to 
discover new enzyme candidates. Although this approach 
has been practiced at various laboratories [4–6], it has not 
been reviewed or discussed.
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In‑Silico Bioprospecting

New enzyme discovery can be accomplished using various 
conventional and contemporary methods as mentioned in 
Fig. 1. Common methods of screening to identify novel 
enzymes are performed by exploring natural sources like 
industrial waste or soil, but they require an established 
protocol for screening assay or selection method based on 
the desired properties of the enzyme. This process involves 
biochemical screening and isolating the organism on selec-
tive media, which is usually time and resource consuming 
and may or may not result in a novel candidate. From these 
screening assays, the selected organism further needs to be 
identified, followed by the identification of gene sequence 
which is coding for the desired enzyme and function. 
One approach is to perform random mutagenesis to cre-
ate enzyme mutant, and then sequence the DNA region. 
Another way is to perform targeted or whole genome 
sequencing to identify the desired enzyme gene sequence. 
As an alternative, amplification of target gene can be per-
formed using degenerate primers [7]. There are challenges 
involved in primer designing, which affects the success 
rate. The process is followed by PCR library cloning and 
screening for prospective candidates with desired proper-
ties, which again demands a well-established protocol for 
screening positive candidates. After selecting the desired 
clone, the responsible gene can be sequenced, cloned and 
expressed.

The direct screening and identification methods are pre-
ferred where molecular biology resources are inadequate. 
These experimental approaches are used commonly, but 
they are time and resource consuming, with low suc-
cess rate. However, in-silico bioprospecting is a simple, 
straightforward and promising approach to identify novel 
enzyme candidates with better enzymatic properties. A 
compilation of recent reports, where in-silico bioprospect-
ing approach has been used to find novel enzymes, is 
given in Table 1. The current fast paced, high-throughput 
whole genome/metagenome sequencing has tremendously 
increased the biological database and thus the enzyme 
diversity. This diversity in turn has increased the com-
plexity and difficulty of finding a novel candidate. The 
in-silico bioprospecting process can be broadly divided 
into two steps: (i) Searching databases (ii) Using Bioin-
formatics tools to screen, analyse and shortlist prospective 
candidates.

Step 1: Searching Databases

This can be performed by exploring databases using various 
search tools based on homology, conserved motif, consen-
sus guided approach, or simply keyword search. The search 
result can be further screened using filters, such as percent-
age identity, query coverage, e-value. For example, a key-
word search in NCBI protein database can be performed, 
followed by filtering the results to show candidates between 
30 and 80% identity with query coverage > 95%. Gupta 
et al. [11] used keywords such as ‘Hypothetical Protein of 
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Fig. 1  Methods of enzyme bioprospecting
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Table 1  In-silico bioprospecting approach used to find novel enzymes

Sr. no. Enzyme Approach/method Reference

1 Histidine acid phytase (HAP) Pfam identifier for the conserved domain Pfam00328 was used screen 
novel HAP metagenomes of the acidic peatland soil in Schlöppnerb-
runnen, in the Fichtelgebirge Mountains, Germany

Sequences were further manually analysed to examine the presence of 
the conserved motifs (RHGXRXP and HD) which were present in 
HAP phytase

Further Phylogenetic analysis and taxonomic affiliations given by using 
MAFFT online service, nBLAST, PhyloPythiaS online tool

Followed by Comparative homology modelling by using SWISS-
MODEL

Experimental validation

[8]

2 Aldehyde-deformylating oxygenase (ADO) Synechococcus elongatus PCC7942 used as the query sequence to 
screen for the presence of ado gene in the set of sequences of organ-
isms belonging to hot spring IMG/MER database

Structural and Functional analysis performed by using various 
Bioinformatics tools such as ExPASy translate tool for translating 
sequence, MEGA software for phylogenetic analysis

Adopted structure based protein engineering approach to improve 
thermostability

Experimental validation

[9]

3 Nitrilases Homology and motif based approach adopted for Genome screening
Insilico analysis of putative sequences
Experimental validation

[10]

4 Baeyer–Villiger and CYP153Monooxygenases Metagenomic dataset created by isolating DNA sample from 23 sedi-
ment samples from (i) Advent Fjord, Spitsbergen, Svalbard Archi-
pelago, Norway [NOR]; (ii) Port Värtahamnen, Stockholm, Baltic 
Sea, Sweden [SWE]; (iii) Ushuaia Bay, Tierra del Fuego Island, 
Argentina [ARG]; and (iv) Potter Cove, 25 de Mayo (King George) 
Island, Antarctica [ANT] was further submitted to IMG database

Pfam domains (PF00067 for Cytochrome P450 or PF00743 for Flavin-
binding monooxygenase-like) was used to screen this metagenomic 
dataset

Further Blastp analysis performed using well characterized enzyme 
and/or crystallized sequences as reference

Insilico characterization of putative sequences

[5]

5 Hypothetical protein Hypothetical Protein was searched using NCBI database using key-
words ‘Hypothetical Protein of Triticum aestivum’ or ‘Hypothetical 
Proteins of wheat’

Functional annotation of identified novel abiotic stress proteins of 
Triticum aestivum

[11]

6 Cellulose-and/or hemicellulose-degrading enzymes Functional metagenomics
Porcupine Microbiome metagenomic data created
Relevant protein sequences of interest were selected on the basis of 

domain conservation, low e-values- pHMMER & the Research Col-
laboratory for Structural Bioinformatics Protein Data Bank

Experimental validation of putative candidates

[12]

7 β-Glucosidase Metagenomic DNA library constructed
Search in the existing databases
Experimental validation

[13]

8 b-(1,3) Galactosyltransferases 20 putative b-(1,3)-GalT genes identified by performing tblastn using 
three Homo sapiens b-(1,3)-GalT sequences: GalT1 (Q9Y5Z6), 
GalT2 (O43825), GalT4 (O96024) against Arabidopsis thaliana 
sequence database at NCBI

Insilico characterization and experimental validation performed

[14]

9 Polyhydroxyalkanoate (PHA) synthase Complete or nearly full-length PHA synthase genes retrieved from 
MG-RAST database mangrove soil metagenomic data

Experimental Validation of novel and wide substrate specific PHA

[15]
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T. aestivum’, ‘Hypothetical Proteins of wheat’ in NCBI data-
base followed by manual screening to get unique protein 
candidates. After removing redundant entries, unique can-
didates were further subjected to physicochemical, locali-
zation, function and domain analysis. In another database 
search, keywords such hydroxybutyrate, hydroxyalkanoate, 
hydroxyalkanoic, PHA and PHB were used as input [15]. 
Another common approach practiced by researcher is 
to search biological databases using a known candidate 
enzyme sequence. While choosing a potential enzyme 
gene sequence, it is of utmost importance to select a full 
length protein sequence having conserved domains, as many 
incomplete sequences annotated in database do not code for 
a functional protein, when checked experimentally. Also, in 
the search result, the selected candidate’s sequence similar-
ity should not be very high with known sequence. This is to 
ensure that a novel candidate is shortlisted and not a close 
homologue of a known sequence. In the similarity search 
result, the hits with > 90 identity are very closely related, 
sources like different species of same family, and it is more 
likely that they are very similar. But, the hits with ~ 80% 
identity or lower are those candidates who are different from 
the query candidates, not closely related, but do have con-
served sequences similar to known candidates. This ensures 
that novel candidates are chosen, which is predicted to retain 
the enzyme activity but is different from the search query. 
There have been reports where researchers had selected 
candidates with sequence similarity as low as 40 percent. 
Sharma et al. [10] searched novel sources of nitrilases from 
microbial genomes by adopting homology-based approach 
and selected sequences which exhibited > 30% and < 80% 
identity. The shortlisted search results need to be confirmed 
for a complete coding sequence or sequences. For example, 
shortlisted candidates of nitrilase were checked by GenMark 
S tool to verify complete coding sequences or sequences 
[10]. Since the protein length information is available for 
the input sequence, the search results should be restricted 
to length closer to the input sequence length. In case of 
nitrilases, sequences with less than 100 amino acids were 
considered as false positive and were discarded [10]. In 
another instance, sequences less than 250 amino acids were 
excluded to find novel BVMO (Bayer-Villiger Monooxy-
genases) enzyme [5]. For PHA synthase, sequences with 
~ 120 to 260 bp were considered as prospective candidate in 
a database search [15]. These search filters along with others 
like e-value, can aid in gathering positive sequences which 
could code for functional enzyme of appropriate length and 
reduces the chance of false discovery or random or irrelevant 
search result.

In certain cases, designing motif from selected pro-
tein sequences [e.g. by using MAST (Motif Alignment and 
Search Tool) at MEME suite] can be used to search bacterial 
genome. For example, Homology-based approach and motif 

search resulted in the identification of 138 putative/hypotheti-
cal protein sequences which had potential to code for nitrilase 
[10]. Vaquero et al. [16] also adopted homology-based strat-
egy to screen for novel CalB-type lipase in fungal genomes 
using blastp algorithm, against JGI and NCBI databases, 
with e-value cut-off as  10−2. In the same study, conserved 
motif approach failed to identify putative lipase gene due to 
absence of conserved sequence motif generated by MEME 
software. Therefore, different individual strategies or combina-
tions should be implemented in the process of finding novel 
putative enzymes. Consensus-guided approach, using Pfam 
domain, can also be used to search databases for the presence 
of particular enzyme family. Consensus-guided approach was 
adopted by Shakeel et al. [9] to obtain heat stable alkane-pro-
ducing enzymes, using ado gene from Synechococcus elon-
gatus PCC7942 as a query to search IMG/MER hot spring 
database. A consensus sequence was generated from the list of 
homologous sequences using Bioinformatics tools, which was 
further validated computationally and experimentally.

Specific datasets like metagenomes from various eco-
systems can also be searched for obtaining novel enzymes. 
Around 264 putative monooxygenases were obtained when 
Pfam domain and blastp search were used to search BVMO 
[5] from ~ 14 million protein-coding sequences present in 
metagenomic dataset of cold marine sediments [5]. Metage-
nome data of mangrove soil were explored to find polyhy-
droxyalkanoate (PHA) synthase genes [15]. Adam et al. [17] 
reported a novel activity-based approach to screen  H2-uptake 
enzyme from hydrothermal Metagenome. Toyama et al. [13] 
reported a novel β-glucosidase from microbial Metagenome 
of a lake in Amazon. Tan et al. [6] reported a novel ther-
mostable phytase using bioinformatics approach which was 
screened from Metagenome database. Various steps and 
approaches used in gene mining from Metagenome data have 
been discussed and reviewed recently and reader is referred 
to these articles and reviews [18, 19] for details.

The steps of in-silico bioprospecting can be modified 
as per the desired property of enzyme. For example, if a 
thermostable enzyme is desirable, but the known enzyme 
reported is not thermostable, the similarity searches in 
thermophiles will be useful to find putative thermostable 
enzymes. It has been commonly observed that the thermo-
stable enzyme sequences are different from their mesophilic 
counterpart. The putative thermophilic candidates searched 
this way should be further analysed (discussed in Step 2) to 
make sure that residues important for structure and functions 
are conserved.

Step 2: Using Bioinformatics Tools to Screen, 
Analyse and Shortlist Prospective Candidates

Once the primary list has been generated using vari-
ous database search approaches, the next step will be to 
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analyse their physiochemical, phylogenetic and functional 
properties using different bioinformatics tools. ProtParam 
software using ExPASy server is widely used to access 
physiochemical properties (such as the molecular weight, 
theoretical pI, amino acid composition, atomic composi-
tion, extinction coefficient, estimated half-life, instability 
index, aliphatic index, and grand average of hydropathicity 
(GRAVY) of putative candidates [10, 11, 20]). Predicted 
values of all parameters of putative enzyme(s) are com-
pared to the well characterized enzyme which affects the 
confidence level to study the putative enzyme(s) experi-
mentally. For example, ProtParam predicted physiochemi-
cal properties of 138 putative nitrilases with in the range 
of well-characterized nitrilases [10]. All the parameters 
are based on protein sequence i.e. sequence-dependent 
analysis; therefore, it is necessary to get complete or nearly 
complete sequence for accurate analysis and prediction of 
various physiochemical properties.

Phylogenetic analysis can be performed using tools like 
Molecular Evolutionary Genetics Analysis (MEGA) [11, 
15, 16, 21]. For example, phylogenetic analysis of selected 
putative candidates belonging to CalB-family grouped 
putative lipases in to different clusters of known lipases 
depending upon its evolutionary closeness [16], thus help-
ing in deciding on novel and unique candidates. Struc-
tural modelling of putative candidates can be performed 
using SWISS-MODEL server or MODELLER v9.15 soft-
ware [21]. Vaquoro et al. [16] used CalB as template to 
model PlicB, which exhibits 30% sequence identity and 
44% similarity. The information about structure and resi-
due conservation prediction is only possible if structural 
data of protein homologues are available through crystal 
structures. Hence, persistent exploration and enrichment 
of databases are necessary for in-silico bioprospecting of 
novel enzymes.

There are other tools which can predict structural infor-
mation such as signal peptide (e.g. Signal P) or disulphide 
linkages (e.g. DiANNA). DiANNA 1.1 web server predicted 
two disulpfide bonds in PlicB whereas CalB and Uml2 lacks 
disulfide bonds [16]. Protein functional domains and fam-
ilies are studied by comparing list of putative enzyme(s) 
against databases like Pfam, CATH, SVM-Prot, CDART, 
SMART. In one study, hypothetical proteins (HPs) were 
explored using tools based on domain architecture and pro-
files [11]. Out of 124 HPs, 77 sequences were annotated with 
high confidence by using Pfam, CATH, SVM-Prot, CDART, 
SMART and ProtoNet, and among them, 16 were predicted 
as enzymes. Functional protein network provides informa-
tion about the association of hypothetical/putative protein(s) 
with the known functional protein, which can be generated 
by STRING database. In the study conducted by Gupta et al. 
[11], it was found that the predicted HPs such as HAV22 
(Q7XAP6) and F-box protein (D0QEJ9) were interacting 

with other proteins of the STRING database such as protein 
4,345,793 of Oryza sativa subsp. Japonica.

Analysing the putative candidates using bioinformatic 
tools provides clarity and help in selecting those candidates 
which are structurally and functionally more suitable, novel 
and unique. Following the sequence selection, candidates 
are validated for desired properties by cloning and express-
ing them in artificial expression systems followed by physi-
ochemical characterization of enzyme [6, 13]. Apart from 
in-silico bioprospecting, enzymes with desired properties 
such as high activity [22, 23], substrate specificity [24] 
and stability [25, 26] can also be obtained by modifying 
the existing enzyme using mutagenesis via directed evolu-
tion, rational or semi-rational approaches [27–35]. Random 
mutagenesis of a single gene can be done by chemical, error 
prone-PCR or saturation mutagenesis, or by using mutator 
strains. On the other hand, gene recombination approach 
can be applied with more than one related gene sequences, 
using tools like DNA shuffling, Random Chimeragenesis on 
Transient Templates (RACHITT), Exon shuffling, incremen-
tal truncation for the creation of hybrid enzymes (ITCHY), 
Sequence Homology-Independent Protein Recombination 
(SHIPREC). The reader is referred to review by Rubin-pital 
et al. [31] for details about these processes, their advantages 
and drawbacks. Recent developments along with additions 
of rational component have resulted in faster selection meth-
ods and maximized qualities of libraries with more relevant 
mutations [36]. Rational mutagenesis to improve enzyme 
property has been attempted in recent years to obtain the 
desired property; however, the phenotype of certain muta-
tions is still beyond the current understanding of enzyme 
structure and function.

Conclusion

In the past few years, enzyme production and research have 
taken a major leap and a vast number of potential enzymes 
are available in market and are produced at industrial scale. 
Reports are being continuously published related to the 
screening and finding newer and better enzymes. How-
ever, it is generally observed that wild-type enzymes are 
not directly applicable for an industrial process. In the com-
ing years, it is expected that more industrially important 
enzymes will be discovered or engineered that can satisfy 
the ever-growing demand of enzymes. The availability of 
various expression vectors, host and systems has increased 
the possibility of expressing a gene artificially in a host of 
our choice. However, protein expression even in bacterial 
host like E. coli can be challenging many times [37, 38]. 
The diversity of enzymes present in databases indicates 
that the present knowledge of structure and function is 
vast but far from complete. The last two decades has seen 
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tremendous growth in protein structural information, and 
expression systems and tools have enriched in large, but we 
still require more information to understand and utilize it 
to its full potential. With the rise in molecular techniques, 
enzyme improvement by protein engineering has taken a big 
leap [35]. Drastic improvement in enzymatic properties like 
activity and stability has been witnessed by using methods 
of directed evolution or rational mutagenesis. With the cur-
rent knowledge of enzyme structure and function, it is still 
a challenging task to pursue a rational approach of enzyme 
engineering in every case to improve their properties. Efforts 
should be more focussed towards solving enzyme crystal 
structures and expanding our knowledge and understanding 
of enzyme function and properties. The pace of structure 
information cannot be compared with the way new genes or 
proteins are being discovered, but attempts can be made to 
improve it further. Generating and analysing diverse crys-
tallographic data will help in understanding the enzymes in 
greater details, and also, will help in rational engineering 
of the enzyme for improved properties. There is an urgent 
demand for developing new tools and pipelines which can 
handle and analyse the exponentially growing database, 
and related experimental literature, with minimal manual 
intervention. This will help in discovering novel and better 
enzymes comparatively faster with high success rate.
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Introduction

Phytic acid is a type of organic phosphorous with the 
chemical name myo-inositol hexakisdihydrogen phosphate 
(Dahiya 2016). It is found in seeds of crops such as wheat, 
barley, soybean, rice, maize, groundnut, legumes, and nuts. 
It is primary source of inositol and the storage form of 
phosphorous as well as minerals in plant seeds (Mittal et 
al. 2011; Kim et al. 2015; Baruah et al. 2017). Phosphorous 
is an essential macronutrient, utilized in plant metabolism 
processes such as photosynthesis, respiration and cell 
division (Karpagam, Nagalakshmi 2014; Motamedi 2016). 

Cereals and oilseeds are used as feed for monogastric 
animals like chicken, pigs and fish, in which phytate has an 
anti-nutritional effect (Baruah et al. 2017). This is due to 
the lack of phytase producing intestinal microbiota, which 
leads to excretion of non-utilized phosphorous, causing 
environmental pollution (Bohn et al. 2008). On the other 
hand, phytate has the ability to chelate mineral cations 
that reduces their solubility (Baruah et al. 2017). Phytate 
can also form complexes with amino acids and proteins, 
lipids, starch and vitamins, resulting in reduced absorption 
of these nutrients (Costenaro-Ferreira, Della Flora 2017; 

Savita et al. 2017). However, moderate consumption of 
phytate can be beneficial. For instance, it has been shown 
to have antioxidant and anticancer effect, prevent renal 
lithiasis, lower the glycaemic index and balance glucose and 
cholesterol levels (Grases, Costa-Bauza 2019). 

Myo-inositol hexakisphosphate hydrolase, also known 
as phytase, is a phosphatase enzyme found in animals, plants 
and microorganisms (Savita et al. 2017). Phytase cleaves 
phytic acid or its salt derivatives by hydrolysis to produce 
free inorganic phosphorous and inositol intermediates with 
lesser phosphate (Dvořáková 1998). Phytase first hydrolyses 
all of the hexaphosphate to penta-esters and then moves 
forward for further dephosphorylation to tetra-esters and 
so on (Dersjant-Li et al. 2015). The action of the enzyme 
decreases the affinity of substrate to cations and provides a 
free source of phosphorous (Bohn et al. 2008). 

There are broadly two classes of phytase, first depending 
on the position of dephosphorylation on the inositol ring 
and second based on the catalytic mechanism (Dvořáková 
1998; Mullaney, Ullah 2003; Greiner et al. 2007; Nasrabadi 
et al. 2018). The first class includes 3-phytase (EC 3.1.3.8), 
a class produced by microorganisms; 4/6-phytase (EC 
3.1.3.26), mainly produced by plants; and 5-phytase (EC 
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3.1.3.72), found in several legumes such as Pisum sativum, 
Phaseolus vulgaris and Medicago sativa (Greiner, Carlsson 
2006; Bhavsar, Khire 2014). In the second class, there 
are acidic (EC 3.1.3.2) and alkaline (EC 3.1.3.8) phytase 
enzymes. Phy A-3-phytase, Phy B-3-phytase, Phy C-6-
phytase belong to a subclass of histidine acid phosphatase. 
Histidine acid phosphatase, cysteine acid phosphatase and 
purple acid phosphatase are types of acidic phytase (Bhavsar, 
Khire 2014). Alkaline phytase includes β-propeller phytase, 
which has a subtype, Phy D-3 phytase, produced by Bacillus 
sp. (Mullaney, Ullah 2003; Bhavsar, Khire 2014).

Microbial phytases have been studied due to their 
diverse action, economic advantage at different scale, high 
activity and high production turn-around time (Ushasree 
et al. 2017). Phytase is known to promote mineral 
absorption and increase their bioavailability, reduce non-
utilized phytate, decrease mineral deficiency and improve 
bone health in animals (Dahiya 2016). Until now, phytase 
has been used commercially as poultry, swine and fish 
feed, thus saving the use of irreplaceable and expensive 
inorganic phosphate as well as preventing fungal blooms 
that leads to eutrophication (Lei, Porres 2003; Bajaj, Wani 
2015; Nasrabadi et al. 2018). Microbial phytase is used 
as an innovative approach in the livestock industry as 
feed, and in the farming industry as fertilizer, as well as 
for environmental protection (Akhmetova et al. 2013; 
Suleimanova et al. 2015). Other applications where phytase 
is of great interest are the food industry, healthcare and 
medicine, and aquaculture (Kumar et al. 2010; Shobirin et 
al. 2010; Caipang et al. 2011; Rocky-Salimi et al. 2016). 

An ideal phytase should have high specific activity for 
phytate substrate, be functionally stable at a wide range 
of pH and temperature, be resistant towards proteases, be 
thermostable, and retain stability during harsh processing 
conditions, during storage of feed as well as in the gut 
(Lei, Porres 2003; Savita et al. 2017). Methods to improve 
thermostability of phytase were described (Coutinho et al. 
2020). These included identifying novel resistant microbial 
sources, engineering recombinant phytase from genetically 
modified microorganisms, substituting amino acids in 
the enzyme molecule and immobilizing the unstable and 
thermosensitive phytase to insoluble supports. 

Several phytase-producing bacteria have been 
discovered and studied, such as Bacillus sp., Pseudomonas 
sp. and Raoultella sp., Escherichia coli (Konietzny, Greiner 
2004). E. coli AppA phytase has optimum activity at acidic 
pH and shows specific activity towards phytate, deeming 
it to be a good source of phytase for industrial application 
(Golovan et al. 1999). Many studies have been conducted 
to discover novel phytase producing bacteria that could 
satisfy the industrial needs, but have not been up to the 
mark (Goodfellow, Fiedler 2010; Nasrabadi et al. 2018), 
which has led to recombinant engineering of many phytase 
sources (Ushasree et al. 2017). Thus, keeping in mind the 
considerable number of sources and phytase producers, 

the present study was aimed to use the combination of 
plate and activity assay for preliminary screening of novel 
phytase producers from different soil samples from various 
source locations. The study resulted in potential phytase 
producing isolates, which can be further characterized and 
used for various commercial applications. 

Materials and methods

Sample collection 
The samples were collected as per standard protocols 
published on a national agricultural portal of India (http://
agritech.tnau.ac.in/agriculture/agri_soil_sampling.html). 
The method involved dividing the field into different units 
and collecting five samples from each unit by making a 
‘V’ shaped cut, mixing the soil from each unit in a sterile 
manner and storing the amalgam in sterile flacons at 4 °C. 
Eleven sites were chosen from diversified sources, which 
included a forest area in Ankleshwar (Gujarat), Trikoni 
Garden in Mumbai (Maharashtra), agricultural fields 
in Baruch (Gujarat), and swine, poultry as well as other 
agricultural fields in Jawhar district (Maharashtra) (Table 
1). These included soils from forest, garden, and fields with 
rice, oil seed (Kursani), udad (pulse), nachini, millet (jowar), 
vegetation (lady finger) and cotton, as well as swine and 
poultry enclosures. The collected soils were transported 
to Sunandan Divatia School of Science, NMIMS Deemed 
to be University, Mumbai in ice boxes, where all further 
analyses were performed. The soil samples were processed 
by sieving (2 mm) to remove litter and lumps. After 
processing, the soil samples were stored in sterile flacons at 
4 °C until further analysis.   

Enrichment, screening and isolation of bacteria
Phytate degrading microbes were enriched by inoculating 
1 g of processed soil in autoclaved phytase screening 
broth (PSB) (1% D-glucose, 0.4% Na-phytate, 0.2% CaCl2, 
0.5% NH4NO3, 0.05% KCl, 0.05% MgSO4 7H2O, 0.001% 
FeSO4 7H2O, 0.001% MnSO4 7H2O). D-glucose and Na-
phytate solutions were filter sterilized and not autoclaved 
(Kerovuo et al. 1998; Kandil 2017). The inoculated broth 
was incubated at 180 rpm and 37 °C on a rotary shaker and 
screened after 24 h (day 1) and 120 h (day 5) on phytase 
screening agar (PSA) plates. In addition to the ingredients 
of PSB, 3% agar was added to prepare the PSA plates. The 
enriched broths were serially diluted and spread-plated 
on PSA plates and incubated at room temperature. The 
colonies that showed zones of hydrolysis similar to those 
of the wild type E. coli phytase zone were sampled and 
purified. To obtain pure cultures, colonies from the dilution 
plates were grown overnight in Luria-Bertani (LB) broth 
and tryptic soy (TS) broth at 37 °C and 180 rpm on a rotary 
shaker. This was followed by streaking of the turbid broths 
on LB agar plates to obtain pure cultures. 
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Table 1. Soil samples collected from different regions of Maharashtra and Gujarat in the winter season and used for isolation of phytase-
producing microorganisms 

Soil sample source Location Geographical 
coordinates

Soil type Agroecology Temperature

Forest Ankleshwar, 
Gujrat

21.58102° N, 
73.04682° E

Forest soil Mango, guava, drumstick trees had 
grown in a 24281 m2 forest land

24 °C

Garden Mumbai, 
Maharashtra

19.09935° N, 
72.84850° E

Clay soil Roses, Aloe vera, tulsi, herbs, shrubs 
were grown in a 790 m2 area garden

22 °C

Rice, oil seed (kursani), 
udad (pulse), nachini 
(millets)

Jawhar, 
Maharashtra

19.91855° N, 
73.23496° E

Hill soil (rice, 
oil seeed, udad, 
nachini) 

Rice, oil seeed, udad and nachini were 
grown together in a 4000 m2 field. The 
crops were harvested

26 °C

Swine and poultry Jawhar, 
Maharashtra

19.91855° N, 
73.23496° E

Silt soil (swine, 
poultry

The swine and poultry enclosures 
were maintained for 20 and 4 years, 
respectively. Pigs were present during 
collection while the chicken were not 
present in the poultry since a week

26 °C

Millets (jowar), 
vegetation (lady finger) 
and cotton

Baruch, 
Gujrat

21.68931° N, 
72.89728° E

Loam soil These crops were grown in 4047 m2 land 
each. The crops were not harvested

24 °C

Phenotypic identification of bacterial isolates
All of the isolates were Gram-stained to understand their 
morphology and physiology and the selected bacterial 
isolates were further characterized using standard 
biochemical tests (Table 2; Ramesh et al. 2011; Dev et al. 
2016). Biochemical tests included sugar fermentation tests 
(glucose, sucrose, lactose, maltose and mannitol), growth 
on MacConkey agar and eosin methylene blue agar, the 
indole test, methyl red and Voges-Proskauer test, nitrate 
reduction test, triple sugar iron test, lysine decarboxylase 
test, citrate test, urease test and catalase test. Gram staining 
and the biochemical tests were performed in duplicate. 
Primary bacterial identification was performed using the 
ABIS online tool (https://www.tgw1916.net/bacteria_
logare_desktop.html) (Dev et al. 2016), which was based 
on morphology and biochemical properties. Identification 
of all isolates matched with the sequencing result at 
genus level, except for FD5T. The isolate was identified as 
Aneurinibacillus aneurinilyticus by ABIS and Paenibacillus 
by sequencing.  

Qualitative phytase activity
The two-step counterstaining method adapted from 
Bae et al. (1999) eliminated false positive results due to 
acid producing bacteria (Van Staden et al. 2007). The six 
bacterial isolates and E. coli BL21 (DE3) cultures were 
spot plated (10 µL) on PSA plates and incubated at room 
temperature for 96 h. After incubation, the PSA plates 
were flooded with 2% (w/v) cobalt chloride solution at 
room temperature for 5 min. The cobalt chloride solution 
was then replaced with freshly prepared mixture of 6.25% 
(w/v) aqueous ammonium molybdate and 0.42% (w/v) 
ammonium vanadate solutions (1:1, v/v)  for 2 to 3 min 

(Lee et al. 2005; Park et al. 2012). The zones that did not 
regain turbidity and remained colourless were considered 
to be phytase producing positive isolates. The qualitative 
analysis was done in duplicate. 

Molecular identification of bacterial isolates
Genomic DNA of the 6 putative phytase producers 
was isolated using the PureLink® Genomic DNA kit, 
following the manufacturer’s protocol. The DNA isolates 
were quantified and checked for their purity on BioTek 
nanoplates using BioTek Gen5 software. PCR amplification 
of 16s rDNA gene was performed in duplicate using forward 
primer 151F (5’-GTGCCAGCMGCCGCGGTAA-3’) and 
reverse primer Y36 (5’-GAAGGAGGTGWTCCADCC-3’) 
under the following conditions: 30 cycles of initial 
denaturation at 95 °C for 3 min, denaturation at 95 °C for 
45 s, annealing at 54 °C for 30 s, initial extension at 72 °C for 
1 min 30 s and final extension at 72 °C for 10 min. The PCR 
products of the samples were digested with MspI (HpaII) 
restriction enzymes to carry out restriction fragment length 
polymorphism (RFLP) and the products were run on a 3% 
agarose gel. This process was carried out in duplicate. The 
shortlisted phytase producers were identified at species 
level via 16s rDNA sequencing using universal primers. 
The sequences were analysed on the NCBI database using 
blastn, and the 16s rDNA sequences of the species with 
the highest homology were extracted for in silico RFLP 
and phylogenetic analysis. In silico RFLP was performed 
on the sequenced sample data along with the extracted 
16s rDNA of the homologous species on the Serial Cloner 
2.6.1.0 software using the same restriction endonucleases. 
A neighbour-joining dendrogram with 1000 bootstrap 
testing was constructed using MEGA X 10.2.2 software 
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by clustering the obtained sample sequencing results with 
the extracted 16s rDNA sequence exploited in the in silico 
analysis. 

Quantitative effect of pH on phytase activity
The phytase activity was estimated using glycine-HCl (pH 
2.5) and sodium acetate (pH 5) buffer systems. The isolates 
did not exhibit any detectable activity in the alkaline pH 
range of Tris-HCl buffer (pH 7.5). Potassium dihydrogen 
phosphate (KH2PO4) was used for inorganic phosphate 

standardization at concentrations 0.1 mM to 2 mM. 
Sodium phytate (44 mM stock) was used as substrate at 1:50 
dilution in the respective buffer systems. The colour reagent 
solution was freshly prepared to terminate the reaction 
using 5% ammonium molybdate, 100% acetone, 5N 
sulphuric acid (1:2:1). After incubation for 30 min at 37 °C 
in a water bath, the phosphate released from sodium phytate 
hydrolysis was measured using the ammonium molybdate 
method, which is a modification of the Heinonen method 
(Suleimanova et al. 2015). The final reaction volume was 1 

Table 2. Standard protocol followed for performing the biochemical tests of isolates from different soils. As a sample, 24-h-old isolated 
colonies suspended in sterile saline was used in all tests

Test Reagents Procedure
Sugar 
fermentation 
test

• sterile peptone water, 
• 0.2% phenol red, 
• 1% of glucose, lactose, sucrose, maltose 
and mannitol, 
glassware: Durham’s tubes

• To the peptone water, 0.2% phenol red was added and Durham’s tube 
was inverted and then the test tubes were autoclaved. 
• 1% of each sugar was added to the autoclaved set up. 
• Aseptically the samples were inoculated and incubated at 37 °C for 24 h

Indole test • sterile peptone water, 
• Kovac’s reagent

• To the sterilized peptone water, the samples were inoculated and 
incubated at 37 °C for 24 h. 
• 4 to 5 drops of Kovac’s reagent was added to the tube from the walls 
gently to form a red colored ring

Methyl red 
test

• sterile buffered glucose phosphate broth, 
• methyl red

• To the sterilized broth, the samples were inoculated and incubated at 37 
°C for 24 h. 
• 4 to 5 drops of Methyl red indicator were added and observed for 
colour change

Voges- 
Proskauer test

• sterile buffered glucose phosphate broth, 
• α-naphthol, 
• 40% KOH

• To the sterilized broth, the samples were inoculated and incubated at 37 
°C for 24 h. 
• 5 to 6 drops of α-naphthol and 2 to 3 drops of KOH were added and 
observed for colour change

Citrate 
utilization 
test

• sterile Simmon’s citrate agar • To the solidified agar, the samples were streaked and incubated at 37 °C 
for 24 h. 
• Observed for colour change

Urease test • sterile Christensen’s agar, 
• urea

• Urea was added aseptically to the autoclaved melted agar and then 
solidified. 
• To the solidified agar, the samples were streaked and incubated at 37 °C 
for 24 h. 
• Observed for colour change

Nitrate 
reduction test

• sterile nitrate broth, 
• sulphanilic acid, 
• α- naphthylamine

• To the sterilized broth, the samples were inoculated and incubated at 37 
°C for 24 h. 
• 4 to 5 drops of sulphanilic acid and 4 to 5 drops of α-naphthylamine 
were added and observed for colour change

Triple sugar 
iron agar test

• sterile triple sugar agar • To the solidified agar, the samples were streaked and incubated at 37 °C 
for 24 h. 
• Observed for colour change

Lysine 
decarboxylase 
test

• sterile Moeller’s medium, 
• paraffin oil

• To the sterilized media, the samples were inoculated, overlaid with 
paraffin oil and incubated at 37 °C for 24 h. 
• Observed for colour change

Catalase test • hydrogen peroxide solution • The culture was spread on a clean glass slide and 2 to 3 drops of H2O2 
were added. 
• Observed for presence of bubbles
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mL and performed in duplicate. To remove any turbidity 
that might remain after incubation, the reaction solution 
was centrifuged at 14000 rpm, 25 °C for 5 min. One unit 
of phytase activity (U mL–1) was defined as the amount of 
phytase enzyme required to liberate 1 mmol of inorganic 
phosphate per minute by utilizing sodium phytate as the 
substrate under assay conditions.

To estimate the activity of intracellular phytase, 1 mL 
of overnight grown soil isolate cultures, in Luria-Bertani 
broth, were aliquoted and the cells were harvested at 10000 
rpm, 25 °C for 10 min. Cells were lysed using B-cell lysis 
buffer (Sigma-Aldrich) and the freeze thaw method in 
the presence of 2% phenylmethylsulfonyl fluoride as the 
protease inhibitor. The lysate was collected by centrifugation 
at 10000 rpm, 4 °C for 10 min, discarding the pellet. The 
crude extract was used for measuring intracellular activity. 
The blanks that were set up were a substrate blank, enzyme 
blank and combination blank (reaction in which substrate 
and supernatant were not added). Bovine serum albumin 
stock (10 µg µL–1) was used for protein standardization at 
concentrations 0.2 to 10 µg µL–1.

Extracellular activity was also measured by checking 
activity in supernatant of 24 h grown cultures, but the 
isolates did not show any detectable extracellular activity.

Statistical analysis
The statistical significance of differences was determined 
by Student’s t-tests followed by two-way ANOVA using the 
GraphPad Prism 9.0.0 software. For the comparison of the 
mean values, a 5% level of significance was considered. 

Results

Enrichment, screening and isolation of bacteria
All eleven soil samples were enriched in PSB for 24 h (day 
2 broths) followed by screening on sterile PSA plates. After 
120 h (day 5 broths) of enrichment udad, nachini, millets, 
rice and oil seed samples were excluded from screening to 
due fungal overgrowth, leaving only six samples (forest, 
garden, swine and poultry enclosures, and vegetation and 
cotton fields) which were screened on PSA plates. The 
screening plates were observed after 24, 48 and 96 h. From 
the plates of the day 2 broth samples, only forest, swine 
enclosure and vegetation soil samples showed prominent 
halo zones after 24 h. At 48 h, garden plates also had 
decreased turbidity and increased growth of colonies. A 
few plates had filamentous fungal growth. All of the 96-h 
plates had excessive fungal growth and increased number 
of colonies in the lower dilution plates. Due to no halo zone 
on plates for day 2 broths of oil seed, cotton, udad, rice, 
millets and nachini field samples, they were eliminated and 
not used for bacterial isolation. Plating of the day 5 broths 
was done at dilution 10–3 due to excessive crowding in 10–1 
and 10–2 dilutions in plates of day 2 broths. Dilutions higher 
than 10–5 were prepared for the samples that required more 
scattered colonies. Oil seed, udad, rice, millets and nachini 

soil samples continued to not show a zone of hydrolysis and 
were hence eliminated.

Higher dilutions were used for further isolations. 
Isolation was done by sampling colonies from the 96 h plates 
on the basis of presence of a zone of hydrolysis around the 
colony. After screening, samples used for further isolation 
were broth plates (day 5) for cotton and broth plates (day 
2 and day 5) for forest, garden, vegetation, and swine and 
poultry enclosure soil samples. The colonies were grown 
overnight in LB broth and TS broth followed by isolation 
on LB agar. Translucent and large colonies as well as opaque 
and small colonies were observed and further isolated for 
the forest sample on LB agar. The swine enclosure sample 
plate that was streaked from TS broth showed mucoid like 
colonies while all the other remaining sample plates had 
creamy and opaque colonies regardless of the broth from 
which LB agar plates were streaked. The isolates were 
named on the basis of the soil source (C, F, G, V, PS, P), the 
enrichment broth isolated from (D2, D5), the opacity (O, 
T) and the broth from which LB agar was streaked (LB, TS). 

Phenotypic identification of bacterial isolates 
Gram staining was used to identify the morphology and 
Gram nature. A total of thirteen isolated colonies from the 
LB agar were analysed. The samples GD2, GD5, VD2, PSD2, 
PSD5LB, PD2, and PD5 showed a bean shaped structure 
and were suspected to be yeast cultures, and were therefore 
eliminated. VD5, CD5 and PSD5TSB were Gram-negative 
bacteria and FD2, FD5T and FD5O were Gram-positive 
bacteria, which were confirmed by examining the growth 
on MacConkey agar and eosin methylene blue agar. The 
remaining six samples were biochemically characterized 
(Table 3). From the online ABIS tool the isolates were 
identified as Aneurinibacillus aneurinilyticus (FD5T), 
Bacillus carboniphilus (FD5O and FD2), Enterobacter 
amnigenus (VD5 and CD5), and Raoultella terrigena 
(PSD5TSB). 

Qualitative phytase activity
Qualitative analysis of phytate degrading bacteria was 
done by differential staining. After the two-step staining 
process, the halos around the colonies remained colourless 
validating that the samples were true phytase producers 
and not acid producers. The amount of secreted phytase 
that led to the halo formation was measured in comparison 
to wild type E. coli BL21 (DE3). The PSD5TSB zone was 
greater than for E. coli and FD5O had similar zone size as 
E. coli. The remaining samples had zones smaller than the 
control (Table 4). This step along with the screening step 
confirmed the produced phytase as well as identified the 
bacterial samples that produced phytase but without any 
measurable activity. This method served as initial screening 
and identification method for phytase producing bacteria, 
but an additional rapid procedure of testing for intracellular 
enzyme activity was performed at a small scale. 

Preliminary screening, isolation and identification of microbial phytase producers from soil 
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Molecular identification of bacterial isolates
The gDNA of overnight grown FD5T, FD5O, FD2, VD5, 
CD5 and PSD5TSB samples was isolated using a PureLink® 
Genomic DNA kit. The size of isolated gDNA was greater 
than 10 kb. The quantity and quality of the isolated DNA 
of samples were measured by nanoplate UV transmission 
(Table 5). PSD5TSB had the highest concentration of 
extracted gDNA among the samples. Amplification of the 
16s rDNA of the genome was done using universal primers, 
151F as the forward primer and Y36 as the reverse primer. 
The 1 kb PCR amplicon was amplified and resolved on an 
agarose gel. 

RFLP was performed on amplified 16s rDNA product 
using MspI (HpaII) enzymes. PSD5TSB, VD5 and CD5 had 
similar band patterns, which was also observed for FD5O 
and FD2. FD5T showed a different pattern from the other 
samples. In silico RFLP analysis of the sequenced data 
showed a similar number of bands with the same band 
size as those of the agarose gel, validating the performed 
RFLP. The in silico comparison of the sequenced data band 
pattern with those of the extracted species sequence showed 
similarity, which indicated that the species identification 
could be correct. Species level identification of the 
unknown samples was done by 16s rDNA sequencing. The 

Table 5. Nanodrop quantification and qualification of isolated 
gDNA from phytase-producing bacteria (FD5T, FD2, FD5O, 
PSD5TSB, VD5, CD5)

Isolate Concentration of 
DNA (ng µL–1)

A260/A280 ratio

FD5T 19.773 1.985
PSD5TSB 140.446 1.507
CD5 85.607 1.847
FD5O 9.053 1.517
FD2 12.349 1.914
VD5 112.757 1.946

Table 3. Results of biochemical tests of isolates FD5T, FD2, FD5O, PSD5TSB, VD5 and CD5. +, positive; –, negative; Y, yellow; Pi, pink; 
C, colourless; Pu, purple

Tests Indication Isolate
FD5T FD5O FD2 VD5 CD5 PSD5TSB

Glucose Colour – – – + + +
Gas – – – + + +

Maltose Colour – – – + + +
Gas – – – + + +

Lactose Colour – – – – – +
Gas – – – – – +

Sucrose Colour – – – + + –
Gas – – – + + +

Mannitol Colour – – – + + +
Gas – – – + + +

MacConkey agar – – – + Y +, Y + Pi (mucoid)
Eosin methylene blue agar – – – + C +, C + Pu (mucoid)
Indole – – – – – –
Methyl red + – – – – –
Voges-Proskauer + + + + + +
Nitrate reduction + – – + + +
Triple sugar iron Butt Y Y Y Y Y Y

Slant Y Y Y Y Y Y
Gas – – – + + +
H2S – – – – – –

Lysine decarboxylase – – – – – +
Citrate – – – Y Y Y
Urease – – – – – –
Catalase – + + + + +

Table 4. The diameters of the halo zones formed by the isolates 
(FD5T, FD2, FD5O, PSD5TSB, VD5, CD5) and wildtype E. coli 
BL21 (DE3) on counter-stained PSA plates

Isolate Zone of hydrolysis (mm)
FD5T 10
PSD5TSB 14
CD5 9
FD5O 12
FD2 11
VD5 8
Wild type E. coli 13
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samples were submitted for sequencing and were identified 
as Enterobacter cloacae (VD5 and CD5), Paenibacillus sp. 
(FD5T), Bacillus megaterium (FD5O and FD2), Klebsiella 
variicola (PSD5TSB). VD5 and CD5 were 99.2 and 99.6% 
identical to Enterobacter cloacae respectively (GenBank 
Accession no. CP046116.1, E value 0), FD5T was 98.37% 
identical to Paenibacillus sp. (GenBank Accession no. 
MK681944.1, E value 0), FD5O and FD2 were 99.4 and 99.2% 
identical to Bacillus megaterium, respectively (GenBank 
Accession no. CP045272.1, E value 0), and PSD5TSB was 
99.4% identical to Klebsiella variicola (GenBank Accession 
no. CP050958.1, E value 0). A phylogenetic tree for the six 
samples was built based on homology of the 16s rDNA 
sequence (Fig. 1). CD5 and VD5 were closely clustered 
with Enterobacter cloacae strain ATCC 13047, PSD5TSB 
was in the same cluster as Klebsiella aerogenes KCTC 2190, 
FD5T was in the same cluster as Paenibacillus yonginensis 
strain DCY84 and FD5O along with FD2 was clustered 
with Bacillus sp. 3401BRRJ. PSD5TSB, CD5 and VD5 were 
closely related, which was portrayed in the phenotypic 
identification as well as RFLP analysis. Paenibacillus 
sp. (FD5T) had very close similarity to Paenibacillus 
yonginensis 16s rDNA. The dendrogram showed that there 
was similarity between Bacillus sp. and Paenibacillus sp. 
strains. 

Quantitative effect of pH on phytase activity 
Intracellular phytase enzyme activity and protein estimation 
were detected using the Heinonen method with pH as the 
limiting factor. The R2 values were close to 1, indicating 
that the values obtained for the concentration of inorganic 
phosphate and protein concentration were acceptable. 
All of the readings were taken in duplicate with standard 
deviation close to 0 between the duplicates. The wild type 
E. coli phytase was used as a standard to confirm phytase 
activity. At pH 2.5, E. coli phytase showed an average of 135 
times more activity than FD5T, PSD5TSB, CD5 and VD5 
while FD5O and FD2 showed no activity at this pH. On 
the other hand, there was a significant decrease in activity 

of E. coli phytase at pH 5. PSD5TSB, CD5, FD5O, FD2 and 
VD5 and FD5T had higher activity at pH 5 as compared to 
pH 2.5. At pH 7.5, all samples including E. coli had a small 
amount of inorganic phosphate liberated, which could not 
be detected using the assay. E. coli had highest activity at pH 
2.5 while the unknown samples had highest activity at pH 5 
(Fig. 2). This technique aided in inferring the optimum pH 
for phytase samples on a small scale. Furthermore, it helped 
in narrowing down and identifying the samples that had 
intracellular activity comparable with the standard. Hence, 
these were further analysed and examined for large scale 
characterization.  

To compare the intracellular and extracellular 
activity of the phytase enzyme, the reaction mixtures for 
extracellular activity were prepared in the same manner 
as that of intracellular testing with the use of the three pH 
buffers. The isolates were grown in PSB for 24 h and the 
supernatant was used as the phytase sample and checked 
for extracellular activity. KH2PO4 standard curves were 
prepared and had R2 values close to 1. All of the unknown 
samples had undetectable amounts of liberated inorganic 
phosphate, while the E. coli sample had a significant 
amount of extracellular activity in the three pH buffers. 
Hence, the samples expressed only intracellular phytase 
with measurable activity. 

Discussion

Phytase is a class of phosphatase and the respective bacteria 
are frequently termed as phosphate-solubilizing bacteria, 
which are a type of plant growth promoting bacteria (Igual 
et al. 2001). Phosphorus is an essential macronutrient. 
Phytate is the predominant form of organic P present in 
soil. Plants cannot utilize phytate directly and it needs 
to be mineralized by phytase enzyme (Singh et al. 2014; 
Suleimanova et al. 2015; Motamedi 2016; Alori et al. 
2017; Caffaro et al. 2019). Hence, phosphate-solubilizing 
bacteria are found in the rhizosphere of crops that grow 
in P-rich soil (Singh et al. 2014; Caffaro et al. 2019). The 

Fig. 1. Neighbor-joining dendrogram showing the relation between the samples (FD5T, FD2, FD5O, PSD5TSB, VD5, CD5) and the 16s 
rDNA of their closest related strains (Enterobacter cloacae strain ATCC 13047, Klebsiella aerogenes KCTC 2190, Paenibacillus yonginensis 
strain DCY84 and Bacillus sp. 3401BRRJ) obtained from GenBank. The tree was constructed by 1000 bootstrap tests. 
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Fig. 2. Comparison of intracellular specific activity at pH 2.5, pH 5 of phytase from the samples (FD5T, FD2, FD5O, PSD5TSB, VD5, 
CD5) with wildtype E. coli BL21 (DE3) phytase as the positive control. The samples had no activity at pH 7.5. Data is shown as mean ± 
standard error (U mL–1). Statistical significance was estimated by Student’s t-test and two-way ANOVA at p ≤ 0.05. The letters depict the 
significant difference in mean for each soil isolate at pH 2.5 and pH 5 as well as the difference across the soil isolates in their respective 
pH. 

intestinal microbiota in monogastric animals is devoid of 
species secreting phytase, leading to unutilized phytate 
in the gut. Phytase is thus excreted and found in enough 
concentration for the phytase-producing bacteria to thrive 
(Mittal et al. 2011). Thus, phytase-producing bacteria are 
not only found in the rhizospheric soil of grain, legume, 
nut, oil seed crops (Dahiya 2016), but also found in soil 
around monogastric animal shelters (Caffaro et al. 2019). A 
wide range of organisms (fungi, bacteria, yeast, plants and 
animals) are known to express phytase (Li et al. 2019).

Phenotypic identification of bacteria by standard 
methods of morphological and biochemical 
characterization has been a key step for many years in 
studies on phytase producing bacteria such as Bacillus sp., 
Achromobacter sp., Tetrathiobacter sp., Klebsiella sp. (Tye et 
al. 2002; Roy et al. 2009; Mittal et al. 2011; Khan, Ghosh 
2012; Kumar et al. 2013). In recent years, this traditional 
method has been applied for primary identification of 
phytase producers like Acinetobacter sp., Enterobacter sp., 
several Bacillus sp. and Lactobacillus sp. (Ibnu Irwan et al. 
2017; Alias et al. 2018; Muslim et al. 2018; Onipede et al. 
2020). While these studies have biochemically identified 
the species using the Bergey’s manual, an upcoming online 
tool, ABIS, has shown promising results in species level 
identification (Rahman et al. 2017; Stoica, Sorescu 2017; 
Siddque, Alif 2018; Guder, Krishna 2019). In the present 
study, primary identification of Bacillus carboniphilus 
(FD5O and FD2), Enterobacter amnigenus (VD5 and CD5), 
Raoultella terrigena (PSD5TSB) and Aneurinibacillus 
aneurinilyticus (FD5T) from the six samples was made 
based on their Gram-nature and biochemical character. 

Phytate degrading bacteria such as Serratia sp., 

Enterobacter sp., Paenibacillus sp., Bacillus sp., Lactobacillus 
sp., Geobacillus sp. can be derived from diverse sources 
from rhizospheric soil, compost, poultry farms, cattle 
shade, fermented foods, volcanic ash and geysers (Jorquera 
et al. 2011; Singh et al. 2013; Sajidan et al. 2015; Kalsi et 
al. 2016; Savita et al. 2017; Jorquera et al. 2018). These 
studies, among many others, screened various samples on 
PSA for visualization of the zone of hydrolysis and studies 
were continued with sample that showed a satisfactory 
halo zone. Nonetheless, these zones around colonies can 
be false positive due to acid-producing bacteria for which 
the counterstaining step has to be used (Chanderman et al. 
2016; Monika et al. 2017; Nasrabadi et al. 2018). Bacteria 
from forest (FD2, FD5O, FD5T), vegetation (VD5), cotton 
(CD5) and pig enclosure (PSD5TSB) soil samples were all 
isolated after screening on PSA for the presence of a halo 
zone, and were then confirmed as true phytase producers by 
qualitative analysis. From the eleven soil samples, oil seed, 
udad, rice, millets and nachini samples were eliminated due 
to lack of a halo zone, which aided in narrowing down the 
samples and saving resources for further analysis. E. coli is 
known to have high phytase activity against phytate and 
therefore was used as a positive control (Helian et al. 2020).

RFLP is a molecular technique for identification of 
the bacterial isolates, which is cost effective, fast and can 
be repeated again (Miao et al. 2013). This fingerprinting 
technique based on the 16s rDNA part of the genome 
has been used to study the microbial diversity present in 
several habitats (Kushwaha et al. 2020). While there have 
been few studies performing 16s rDNA RFLP procedures 
for initial identification of phytase expressing bacteria 
in  recent years, this quick method helped in visually 
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identifying and assessing the variability of the phytase 
producers, as was done for Pseudomonas sp., Acinetobacter 
sp., Agrobacterium sp. and Arthrobacter sp., among many 
other species (Sanguin et al. 2016). In the current study, 
by comparing the pattern of resolution on the gel, RFLP 
results showed that there were four different species of 
isolated bacteria. This was confirmed by in silico testing 
and ultimately sequencing showing that FD2 and FD5O 
were Bacillus megaterium, FD5T was Paenibacillus sp., VD5 
and CD5 were Enterobacter cloacae, and PSD5TSB was 
Klebsiella variicola. 

For intracellular activity analysis, the BRENDA enzyme 
database (www.brenda-enzymes.org) provided concise 
kinetics of enzymes (Jeske et al. 2019) and indicated the 
optimal pH of phytase producing bacteria (EC 3.1.3.8). 
Bacillus sp. express β-propeller phytase (also known as 
alkaline phytase), which is dependent on Ca2+ as a cofactor 
for its activity at alkaline pH, while remaining inactive at 
acidic pH (Tran et al. 2011a; Tran et al. 2011b). FD5O and 
FD2 were Bacillus megaterium, which produces β-propeller 
phytase (Kumar et al. 2017). This phytase was rendered 
inactive due to the absence of a source of calcium in the 
reaction set up. Paenibacillus sp. are also alkaline phytase 
producers, which remain inactive at acidic pH (Kumar 
et al. 2017). A Paenibacillus sp. was characterized with 
optimal activity towards pH 5 and almost no activity at 
pH 7 (Acuña et al. 2011). Enterobacter cloacae (VD5 and 
CD5) and Klebsiella variicola (PSD5TSB) had optimal 
phytase activity at pH 5. The pH range for Enterobacter 
sp., which was isolated from the rhizosphere, was reported 
to be pH 2 to 6 (Chanderman et al. 2016), indicating no 
activity toward alkaline pH. In studies conducted on 
effect of pH, Enterobacter cloacae showed highest activity 
at pH 5 (Suliasih, Widawati 2020). Different Klebsiella 
sp. have shown optimum activity at pH 5 (Sajidan et al. 
2004; Elkhalil et al. 2007), with Klebsiella variicola having 
reduced activity at pH 7 (López Ortega et al. 2013). E. coli 
enzyme, which is categorized as histidine acid phytase, had 
higher activity towards an acidic pH (Okamoto et al. 2017; 
Balaban et al. 2018). The phytase of E. coli BL21 (DE3) and 
identified isolates showed no activity at alkaline pH 7.5. At 
pH 2.5, E. coli showed an average of 135 times more activity 
than FD5T, PSD5TSB, CD5, and VD5 while FD5O and FD2 
showed no activity at this pH. On the other hand, there 
was a significant decrease of activity of E. coli at pH 5 as 
compared to pH 2.5. PSD5TSB, CD5, FD5O, FD2 and VD5 
had slightly higher activity than E. coli while FD5T did not 
show much improvement from pH 2.5 to pH 5. 

Studies with phytases from Bacillus megaterium (D. 
Kumar et al. 2013), Paenibacillus sp. (Khianngam et al. 2017), 
Enterobacter cloacae (Onawola et al. 2019) and Klebsiella 
variicola (López Ortega et al. 2013) have shown that for 
significant detection of extracellular phytase secreted in the 
media, a minimum of 48 h of incubation is required. The 
optimal incubation time for E. coli phytase production was 

determined to be 48 h, but it also had measurable activity 
after 24 h (Wang et al. 2015). The current study quantified 
phytase only after 24 h. During this period, apart from E. 
coli, substantial phytase was not secreted by the soil isolates 
and hence not detected by the assay. On the basis of these 
data, the isolated bacteria have great potential to excrete 
phytase after sufficient incubation and further condition 
optimization. 

Preliminary screening of phytase producing bacteria by 
analyzing the zone of hydrolysis is a commonly used method. 
In this study, intracellular activity was also determined 
to  accurately narrow down the number of samples and 
confirm the presence of phytase. At a mini-scale, these 
techniques provide higher confidence for further analysis, 
which occurs at a larger scale using phytase purification and 
characterization. The ability to solubilize phosphate is not 
specific to a single genera (Motamedi 2016). Due to high 
soil microbial diversity (Kumar et al. 2016), implementing 
preliminary screening reduces additional costs and 
resources of large scale experimentation on a large number 
of isolates. Therefore, this study shows an alternative at a 
mini scale to acquire effective bacterial phytase producers.
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[Abstract] Soil is the major reservoir of microbial diversity. Only 1% of microbial diversity can be 

cultured while 99% is still not culturable. It is necessary to extract DNA from soil in order to explore the 

99% microbial diversity, which will be useful to harness novel industrial enzymes and natural products. 

In the present study, six traditional and two kit-based methods were utilized to obtain total soil DNA 

from Garden soil. Quality (Absorbance ratio at A260/A230, A260/A280 nm) of the extracted DNA was 

assessed and quantity was analyzed using the BioTek Epoch Microplate spectrophotometer. Quality of 

DNA is one of the important factors that should be taken in to account for downstream applications 

such as PCR or cloning experiments. 

Keywords: Soil DNA, Non-culturable, DNA extraction, Garden soil 

 

[Background] Soil is the largest terrestrial reservoir of microbial bio-diversity which significantly 

balance the critical cycle of carbon, nitrogen, and phosphorous; along with maintaining plant health, 

structure and fertility of the soil. 1 g of soil harbors 1,00,000-10,00,000 different bacterial and archaeal 

species (Satyanarayana, 2017). However, only 1% of the microbial communities can be cultured in the 

laboratory conditions while 99% are still unexplored because they are non-culturable. Total soil DNA 

extraction potentially onsets the journey of revealing hidden microbial diversity (Robe et al., 2003; 

Fatima et al., 2011 and 2014; Lamizadeh et al., 2019). 
  Soil DNA extraction includes two major steps: microbial cell lysis followed by purification to get rid of 

inhibitory molecules of humic acid and fulvic acid. Cell lysis can be performed via physical, mechanical 

and chemical approaches; or a combination of all three methods. These methods involve the use of 

detergents such as Sodium Dodecyl Sulfate (SDS) along with heat treatment in buffers like Tris-HCl or 

sodium phosphate buffers, along with the introduction of chelating agents such 

Ethylenediaminetetraacetic acid (EDTA) to protect extracted DNA from DNases which are readily 

present in external environment. There are different components which add to the effectiveness of cell 

disruption such as enzymatic treatment with lysozyme, using strong chaotropic agents such as 

guanidium salts, physical and mechanical treatment such as using liquid nitrogen to grind soil samples, 

ultra-sonication, glass beads, Zirconia beads and bead-beating approach for cell lysis. Various 

combinations of these methods are utilized to improve the yield of isolated DNA. Purification steps are 

conducted after DNA extraction with the help of phenol:chloroform:isoamyl-alcohol method (PCI 

method), ethanol precipitation, precipitation via polyethylene glycol, isopropyl alcohol, and spin 

columns. Purification is a crucial step as it involves the removal of PCR and restriction digestion 
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inhibitors such as humic and fulvic acid which are co-extracted along with DNA. Hence, effective 

extraction procedure followed by stringent purification are crucial steps for isolating DNA which can be 

used for better understanding of microbial biodiversity (Fatima et al., 2011; Bag et al., 2016). 

  The present study was aimed to obtain a high yield of total soil DNA from garden soil by using 

different conventional methods of extraction as well as soil DNA kits (HiPura soil DNA kit and Dneasy 

power soil DNA kit). A comparative analysis was performed in terms of purity and yield using BioTek 

Epoch Microplate spectrophotometer for absorbance measurements. 

 

Materials and Reagents 
 

A. For soil collection and processing 

1. Sterile 50 ml Falcon (Tarson, catalog number: 546041) 

2. Sterile scapula 

3. Garden soil 

4. Ethanol 

5. Liquid Nitrogen 

 

B. For Extraction of total soil DNA by different methods 

1. 0.1 mm Zirconia beads (BioSpec, catalog number: NC0362415) 

2. 2.7 mm Glass beads (BioSpec, catalog number: 11079127) 

3. 50 ml sterile Falcon (Tarson, catalog number: 546041) 

4. 2 ml Eppendorf (Tarson, catalog number: 500020) 

5. 1.5 ml Microcentrifuge tube (Tarson, catalog number: 5000010) 

6. Filter 0.45 µm (Jsil) 

7. 1,000 μl Microtips (Tarson, catalog number: 5210010) 

8. 200 μl Microtips (Tarson, catalog number: 521020) 

9. Disodium Hydrogen Phosphate anhydrous (Na2HPO4) (Molychem, catalog number: 

QB4Q640403) 

10. Sodium Dodecyl Sulfate (SDS, CH3(CH2)11OSO3Na) (Affymetrix, catalog number: 18220) 

11. Polyvinylpyrrolidone [PVPP, (C6H9NO)n] (Amresco, catalog number: 0507) 

12. Sodium Chloride (NaCl, Fisher Scientific, catalog number: 27605) 

13. Chloroform (CHCl3) (Molychem, catalog number: 13620) 

14. Sodium acetate trihydrate (CH3COONa·3H2O) (Fisher Scientific, catalog number: 1390M) 

15. Tris (Hydroxymethyl)Aminomethane Hydrochloride (Tris-HCl, C4H11NO3.HCl) (SRL, catalog 

number: 99438) 

16. Ethylenediaminetetraacetic acid (EDTA, Qualigens, catalog number: 12635) 

17. Phenol:Chloroform:Iso-amylalcohol 25:24:1 (PCI) (Sigma, catalog number: P2069) 

18. Sodium Dihydrogen orthophosphate Dihydrate (NaH2PO4·2H2O) (Molychem, catalog number: 

25700) 
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19. Cetyl trimethylammonium bromide (CTAB) (Molychem, catalog number: 22560) 

20. Mannitol (HiMedia, catalog number: RM9914) 

21. Lysozyme (Sigma, catalog number: 89833) 

22. Proteinase K (Sigma, catalog number: P2308) 

23. Sodium Lauroyl Sarcosine (Amersco, catalog number: 0719) 

24. Isopropyl alcohol (Molychem, catalog number: 1750) 

25. Iso-amyl alcohol (SRL, catalog number: 69931) 

26. Guanidine Hydrochloride (Sigma, catalog number: G3272) 

27. Glycine (MP Biomedicals, catalog number: 194825) 

28. Sodium Hydroxide (Molychem, catalog number: 25800) 

29. Polyethylene Glycol (6000) (LOBA, catalog number: Art.5312) 

30. Hydrochloric acid (Molychem, catalog number: 23540) 

31. RNase (Invitrogen PureLink Genomic DNA mini kit, catalog number: K1820-01) 

32. Proteinase K (Invitrogen PureLink Genomic DNA mini kit, catalog number: K1820-01) 

33. Spin Column (Invitrogen PureLink Genomic DNA mini kit, catalog number: K1820-01) 

34. Wash buffer1 (Invitrogen PureLink Genomic DNA mini kit, catalog number: K1820-01) 

35. Wash buffer2 (Invitrogen PureLink Genomic DNA mini kit, catalog number: K1820-01) 

36. Elution buffer (Invitrogen PureLink Genomic DNA mini kit, catalog number: K1820-01) 

37. Ethanol 99.9% pure (Changshu Hongsheng Fine Chemicals, catalog number: 1170) 

38. Stock solution (see Recipes) 

1 M NaCl 

1 M NaH2PO4  

1 M Na2HPO4 

0.2 M Na2HPO4 

1 M Tris-HCl 

0.2 M EDTA 

1 M HCl 

50x TAE buffer 

39. Working stock solution (see Recipes) 

DNA extraction buffer 1  

50% PEG (6000) 

0.6 M NaCl 

Chloroform:Isoamyl alcohol (24:1) 

3 M sodium acetate 

T10E1 buffer 

PCI 

0.1 M Phosphate buffer saline 

DNA extraction buffer 2 

10% CTAB + 0.7 M NaCl 
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TEN buffer (pH 8.0)  

TEN buffers (1 ml) supplied with 0.2 mg Lysozyme 

20% SDS 

T50E1 

Lysozyme (10 mg/ml) 

Guanidine-HCl (5 M) 

10% Sodium Lauryl Sarcosine 

TENP 

Lysozyme solution 

SDS solution 

1x TAE buffer 

70% Ethanol 

 

C. Commercial kits for soil DNA extraction 

1. HiPurA soil DNA kit (HiMedia, catalog number: MB542) 

2. Dneasy Power Soil (Qiagen, catalog number: 12888-50) 

 

D. For agarose gel electrophoresis 

1. Tris-Base (MP Biomedicals, catalog number: 103133) 

2. EDTA (Qualigens, catalog number: 12635) 

3. Glacial Acetic acid (Molychem, catalog number: 21020) 

4. Ethidium bromide (Sigma-Aldrich, catalog number: E7637) 

5. 1 kbp ladder (Generuler, catalog number: SM0313) 

6. 6x gel Loading dye (Frementas, catalog number: R0611) 

7. Agarose (MP Biomedicals, catalog number: 218072090) 

 

Equipment 
 

1. Sieve (Mesh size of 0.22 mm, Sumeet Royal Interchangeable sieve) 

2. Mortar and pestle (diameter of Mortar: 6 cm) 

3. Pipettes 100-1,000 μl, 20-200 μl, 0.5-10 μl, 2-20 μl (Glison) 

4. Water bath (Metalab, model: MSI14) 

5. Centrifuge (Eppendrof, model: 5424R) 

6. Micro-centrifuge (Pfact, model: 5804K) 

7. Incubator Shaker (Hexatech, model: HIPL-035C) 

8. Ice-machine (Wensar, model: LMIF series) 

9. -20 °C refrigerator (Thermo) 

10. Refrigerator (LG, model: GL-365YVQG5) 

11. Sonicator (Cole-Parmer, model: 08895-22) 
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12. Weighing machine (Shimadzu, model: AUX220) 

13. Horizontal gel electrophoresis apparatus (Techno Source, model: Sleek Gel) 

14. Gel Documentation system (Bio-Rad, model: Universal Hood II) 

15. Epoch Microplate spectrophotometer with Take3 plate accessories (BioTek, serial No.: 401554) 

16. Microwave (LG microwave, model: MS-2347BS) 

 

Software 
 

1. Gen-5 Data Analysis Software (version 3.03) 

2. Image Lab version 5.2.1 build11 

 

Procedure 
 

A. Soil sample Collection 

1. Dig the soil surface up to 3 cm depth. Top soil is a precious natural resource as it contains 

humus (a rich source of nutrients), minerals required for growth of plants and microbial flora. 

Top soil is mainly rich in microbial diversity. The guidelines for Soil sampling depth is given 
in Table 1.  

 

Table 1. The guidelines for sampling depth (Fery et al., 2018) and Reference 13 

Crop Sampling depth (cm) 

Grasses and grasslands Up to 5 cm 

Shallow rooted crops (e.g., rice, groundnut) Up to 15 cm 

Deep-rooted (e.g., Cotton, sugarcane) Up to 22 cm 

 

2. Collect three soil samples at different spots (at a distance of 3 m) from the same field. 

3. Collect the soil in labeled sterile 50 ml Falcons with the help of sterile spatula. 

4. Sieve the soil sample with the help of 0.22 mm mesh. 

5. Mix the sieved soil sample. 

6. Aliquot 10,000-15,000 mg of above-mixed soil in 50 ml sterile Falcons (maximum 15,000 mg, 

i.e., one aliquot is enough to carry out all soil DNA extraction methods). 

7. Store it in -20 °C for long term storage. 

 

B. Soil sample processing 

Two types of processing carried out for each method mentioned below: liquid nitrogen grinding and 

direct. 

Note: Clean mortar and pestle with 100% ethanol. 

1. Soil sample 1 (S1): Soil sample processed by using Liquid Nitrogen. 

a. Weigh 10,000 mg of the soil sample. 

http://www.bio-protocol.org/e3521
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b. In mortar with pestle, grind the soil sample by carefully pouring liquid nitrogen. The 

treatment should be continued until it turns in to powder (label this soil sample as S1). The 

soil sample processed with liquid nitrogen will be used for all the conventional methods 

listed below. Since 1 g of soil harbor 1010 bacterial cells and 4 x 103 to 5 x 104 species 

diversity, each method requires 500 mg to 1 g of soil sample (Raynaud and Nunan, 2014). 
2. Soil sample 2 (S2): Direct: Without liquid nitrogen processing. The soil sample processed 

without liquid nitrogen will be used for all the conventional and kit-based methods listed below: 

a. Weigh 10,000 mg of the soil sample. 

b. In mortar with pestle, grind it without liquid Nitrogen to make powder as fine as possible. 

Notes: 

1. The following methodology is carried out for both samples, i.e., S1 as well as S2, except for 

kit-based method where only S2 is used. 

2. After extraction of DNA by different methods, immediately store it at -20 °C. 

 

C. Protocols for total soil DNA extraction 

Figure 1 summarizes the above procedure and total soil DNA extraction methods 1 to 8. 

 

 
Figure 1. Workflow of soil DNA extraction protocol. The details of different steps and 

methods 1-8 are described under Methods section. 

 

1. Method 1: PEG Method 

a. Weigh 1,000 mg of the soil sample in a 50 ml sterile centrifuge tube and add 10 ml of DNA 

extraction buffer 1. 

b. Incubate it at 65 °C for 1 h. in a water bath. 
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c. Centrifuge it at 7,000 x g 10 min at 4 °C. 

d. Collect the supernatant in another centrifuge tube. 

e. Add 1/2 volume 50% PEG (6000) and 1 volume 0.6 M NaCl (e.g., if the volume of 

supernatant collected is 5 ml, then add 2.5 ml of 50% PEG (6000) and 5 ml of 0.6 M NaCl). 

Mix the solution gently by inverting the tubes 3-4 times. 

f. Add 1 volume of Chloroform:isoamylalcohol (24:1). Mix the solution gently by inverting the 

tubes 3-4 times. 

g. Centrifuge at 13,000 x g 10 min at 4 °C. 

h. Collect the supernatant. 

i. Add 1/10th volume of 3 M sodium acetate (pH 5.2). 

j. Add 2 volumes of ice-cold ethanol (100%). Mix the solution gently by inverting tubes 3-4 

times. Incubate overnight at -20 °C, which results in high yield of DNA. 

k. Centrifuge at 13,000 x g 10 min at 4 °C. 

l. Remove the ethanol and air dry the pellet for 15-20 min. 

m. Dissolve the pellet in 100 μl of T10E1 buffer. 

2. Method 2: Phenol:Chloroform:Isoamylalcohol (PCI) method 

a. Follow Steps C1a-C1d of the Method 1. 

b. Add equal volume of Phenol:Chloroform:Isoamylalcohol (25:24:1) to the supernatant. Mix 

the solution gently by inverting the tubes 3-4 times. 

c. Centrifuge 13,000 x g 10 min at 4 °C. 

d. Collect the aqueous fraction. 

e. Add 2 volumes of ice-cold ethanol and 1/10th volume of 3 M sodium acetate (pH 5.2). Mix 

the solution gently by inverting tubes 3-4 times. Incubate overnight at -20 °C. 

f. Centrifuge at 13,000 x g 10 min at 4 °C. 

g. Remove the supernatant. 

h. Air dry the pellet up to 15-20 min to remove ethanol. 

Note: Ethanol can hinder in downstream applications. Hence it is necessary to remove it 

completely. Be careful not to dry pellet completely. 

i. Dissolve the pellet in 100 μl of T10E1 buffer. 

3. Method 3 

Note: In this method there are three sub-methods naming it as 3a, 3b and 3c. However, steps 

‘C3a to C3g’ are common to all three methods. 

a. Weigh 1,000 mg of the soil sample in a 50 ml sterile centrifuge tube and add 5 ml of    

120 mM Phosphate Buffer Saline (PBS, pH 7.4). 

b. Shake the mixture at 150 rpm 10 min at 4 °C in Hexatech shaker. 

c. Centrifuge at 7,000 x g for 10 min at 4 °C. 

d. Discard the supernatant and wash the pellet with PBS. 

e. Again, centrifuge at 7,000 x g for 10 min at 4 °C. 

f. Discard the supernatant and suspend the pellet in 10 ml DNA extraction buffer 2. 

http://www.bio-protocol.org/e3521


                      

Copyright © 2020 The Authors; exclusive licensee Bio-protocol LLC.  8 

www.bio-protocol.org/e3521     
Bio-101: e3521. 
DOI:10.21769/BioProtoc.3521

 
 

g. Incubate at 65 °C for 1 h. 

i. Method 3a: Mannitol-PBS-PEG/NaCl 

1) Follow Steps C3a to C3g. 

2) Centrifuge the soil suspension at 8,000 x g 10 min at 4 °C. 

3) Collect the supernatant. 

4) Add 1/2 volume PEG (50%) and 1 volume of 0.6 M NaCl. 

5) Incubate at 4 °C overnight.  

6) Centrifuge at 13,000 x g 4 °C 10 min. 

7) Discard the supernatant and resuspend the pellet in 3 ml TE buffer. 

8) Proceed with Steps C2b to C2i. 

ii. Method 3b: Mannitol-PBS-PCI 

1) Follow Steps C3a to C3g. 

2) Centrifuge the soil suspension at 7000 x g 10 min at 4 °C. 

3) Collect the supernatant. 

4) Proceed with Steps C2b to C2i. 

iii. Method 3c: Mannitol-PBS-CTAB 

1) Follow Steps C3a to C3g. 

2) Centrifuge the soil suspension at 7,000 x g 10 min at 4 °C. 

3) Collect the supernatant. 

4) Add 50 µl 1 M NaCl and 50 µl 10% CTAB (prepared in 0.6 M NaCl). 

5) Incubate for 15 min at 4 °C. 

6) Proceed with Steps C2b to C2i. 

4. Method 4 

Note: There are 2 sub-methods of method 4: 4a and 4b. Steps ‘C4a-C4r’ are common for both 

methods. 

a. Weigh 500 mg of soil and add 1 ml of TEN buffer (Tris-Cl-EDTA-NaCl buffer). 

b. Vortex for 1 min. 

c. Centrifuge at 10,000 x g 10 min RT. 

d. Decant the supernatant and wash the pellet with 1 ml TEN. 

e. Centrifuge at 10,000 x g 10 min RT. 

f. Discard the supernatant. Resuspend the pellet in 1 ml TEN (add 0.2 mg lysozyme) (see 

Recipe: TEN buffers supplied with 0.2 mg Lysozyme). 

g. Incubate for 1 h at 37 °C. 

h. Keep it on ice for 10 min and then 20 min at 65 °C. 

i. Add 100 µl of 20% SDS. 

j. Vortex for 1 min. 

k. Incubate for 30 min at RT. 

l. Centrifuge at 10,000 x g 10 min at RT. 

m. Collect the supernatant. 

http://www.bio-protocol.org/e3521


                      

Copyright © 2020 The Authors; exclusive licensee Bio-protocol LLC.  9 

www.bio-protocol.org/e3521     
Bio-101: e3521. 
DOI:10.21769/BioProtoc.3521

 
 

n. Add 500 µl of 3 M sodium acetate. 

o. Incubate for 5 min at 65 °C. 
p. Incubate on ice for 20 min. 

q. Centrifuge at maximum ‘14,000 x g’ for 30 min at 4 °C. 

r. Collect the supernatant 

i. Method 4a 

1) Follow Steps C4a-C4r. 

2) Proceed with C2b to C2i. 

ii. Method 4b 

1) Follow Steps C4a-C4r. 

2) Load the supernatant on Invitrogen PureLink Genomic DNA mini kit spin column. 

3) Centrifuge at 16,000 x g 2 min RT. 

4) Discard the flow-through. 

5) Add 500 µl of wash buffer1 into the column. 

6) Centrifuge at 16,000 x g 1 min RT. 

7) Discard the flow-through. 

8) Add 500 µl of wash buffer2. 

9) Centrifuge at 16,000 x g 1 min RT. 

10) Discard the flow-through. 

11) Centrifuge at 18,407 x g 3 min RT. 

12) Discard the collection tube. 

13) Place column in new sterile 1.5 ml Eppendorf. 

14) Add 50 µl of elution buffer. 

15) Incubate for 2 min at RT. 

16) Centrifuge at 18000 x g 2 min at RT. 

17) Store at -20 °C. 

5. Method 5 

a. Weigh 1,000 mg of soil sample and add 400 µl of 50 mM Tris-HCl and 1 mM EDTA. 

b. To the above mixture add 4 sterile glass beads (2.5 mm). 

c. Vortex for 1 min until it is homogenized. 

d. Remove glass beads with sterile tweezer. 

e. Add 50 µl lysozyme (10 mg/ml) (see Recipe: Lysozyme (10 mg/ml)) 

f. Incubate it for 1.5 h. at 37 °C. 

g. Add 250 µl of Guanidine Hydrochloride (4 M). 

h. Mix gently for 45 s. 

i. Add 300 µl Sodium Lauryl Sarcosine. 

j. Vortex for 10 min at 37 °C. 

k. Incubate for 1 h at 70 °C. 

l. Add around 300 mg 0.1 mm zirconia beads. 
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m. Vortex for 20 min. 

n. Add 15 mg PVPP. 

o. Gently vortex it. 

p. Centrifuge at 14,000 x g 4 °C for 5 min. 

q. Transfer the supernatant in another tube. 

r. Wash the pellet with 200 µl TENP. Centrifuge at 14,000 x g 4 °C for 5 min. Collect the 

supernatant carefully. 

s. Pool supernatant of Steps C5q-C5r.  

t. Add 2 volumes of 100% ethanol. 

u. Invert the tubes 

v. Incubate at RT for 5 min. 

w. Centrifuge at 14,000 x g 4 °C for 5 min. 
x. Remove the supernatant. 
y. Air dry for 15 min. 

z. Resuspend the pellet with 450 µl of PB supplemented with 50 µl 3 M sodium acetate. 

aa. Incubate at 4 °C for 1 h. 

bb. Add 2 µl each of RNase and Proteinase K. 

cc. Incubate for 30 min at 37 °C. 

dd. Add 50 µl of sodium acetate (3 M) and 1 ml ethanol. 

ee. Centrifuge at 14,000 x g 10 min 4 °C. 

ff. Remove supernatant and wash pellet with 70% ice-cold ethanol. 

gg. Air dry the pellet. 

hh. Resuspend pellet in 100 µl of TE buffer. 

6. Method 6 

Note: There are 2 sub-methods of method 6: 6a and 6b. Steps ‘C6a-C6n’ are common for both 

methods. 

a. Weigh 1,000 mg of soil. 

b. Add 100 mM sodium phosphate buffer (pH 8). 

c. Add 1 ml of lysozyme solution (see Recipes section below: Lysozyme solution). 

d. Incubate at 37 °C for 2 h. 

e. Add 1 ml of SDS solution (see Recipes section below: SDS solution: 10% SDS + 1 M NaCl 

+ Tris-HCl). 

f. Mix the above mixture well. 

g. Incubate it at RT for 5 min. 

h. Incubate it on ice for 2 min. 

i. Keep it at 65 °C for 20 min 

j. Again on ice for 2 min. 

k. Add 1 ml of 3 M sodium acetate. 

l. Vortex vigorously. 
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m. Centrifuge at 6,000 x g for 10min. 

n. Collect the supernatant. 

i. Method 6a 

1) Follow Steps C6a-C6n. 

2) Proceed with C2b to C2i. 

ii. Method 6b 

1) Follow Steps C6a-C6n. 

2) Add equal volume of ethanol. 

3) Centrifuge at 14,000 x g 10 min at 4 °C. 

4) Remove supernatant. 

5) Air dry the pellet. 

6) Resuspend the pellet in 100 µl TE buffer. 

7. Method 7: HiPura soil DNA kit 

Weigh 250 mg* of soil and follow manufacturer’s instructions given in the manual. The 

procedure is briefly explained here. The steps and its importance of soil DNA extraction by 

using HiPurA soil DNA kit are also listed below. 

*Note: If it is the sediment sample, then weigh approximately 500 mg. Yield of total soil DNA 

depends upon the sample type and number of micro-organisms present in the sample. 

a. Cell lysis 

Bead beating and soil lysis solution (SL), along with vigorous vortexing for 10 min, can help 

in lysing the microbial cells. Separation of the soil particles from lysed microbial cells is 

done by centrifugation at 13,000 x g for 1 min. Collect the supernatant, and if there are still 

few soil particles in the collected supernatant, again centrifuge it at 13,000 x g for 1 min 

and collect the supernatant. 

b. Removal of inhibitors 

Add Inhibitor Removal Solution (IRSH) to remove inhibitors such as humic acid. Collect the 

supernatant; which has nucleic acid, proteins, and other lysed cellular components; by 

performing a round of centrifugation at 10,000 x g for 1min. Supernatant should be 

transparent (brownish color of supernatant indicates high humic acid content) and free of 

soil particles, otherwise it will hinder in purification steps by clogging the membrane. 

c. Purification and elution 

Apply the collected supernatant on to spin column to purify total genomic DNA with the aid 

of silica membrane (present in the spin column format) by using binding, washing and 

elution buffers. Binding buffer provides optimum pH environment for nucleic acids to bind 

on to silica membrane, washing buffers helps to remove proteins and other contaminants, 

and elution buffer efficiently elute total soil DNA. 

8. Method 8: Dneasy Power Soil 

Weigh 250 mg of soil and follow manufacturer instructions given in the manual. Briefly the 

steps and its importance of soil DNA extraction by using Dneasy Power Soil is given below. 
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a. Cell lysis 

Total soil DNA is extracted by lysis of microbial cells via cell lytic buffer and bead beating 

method. Hence mechanical and chemical methods are used to obtain efficient cell lysis of 

microbial cells. Separation of the soil particles from lysed microbial cells is done by 

centrifugation at 10,000 x g for 30 s. Collect the supernatant, and if there are still few soil 

particles in the collected supernatant, again centrifuge it at 10,000 x g for 1 min and 

collect the supernatant. 

b. Removal of inhibitors 

Add inhibitor removal solution to remove inhibitors present. Solution should be transparent. 

Brownish-yellow color solution is a visual indication of the presence of humic acid. Hence 

solution should be preferably transparent and free of soil particles otherwise it will lead to 

inefficient extraction of DNA. 

c. Purification and Elution of genomic DNA 

It is performed by using silica-coated spin column by following number of steps which 

involves addition of binding buffer in order to bind nucleic acid to the membrane, washing 

buffers to remove other contaminants such as proteins and elution buffer for eluting total 

genomic DNA. 

 

D. Visualization of extracted total soil DNA 

Prepare 0.8% gel 

1. Weigh 800 mg of Agarose. 

2. Dissolve it in 100 ml of 1x TAE. 

3. Microwave it for 2 min till it is completely dissolved. 

4. Let it be warm and add 4 µl of EtBr (10 mg/ml). 

5. Pour it in a casting tray and allow it to solidify. 

6. Take 5 µl of the extracted DNA + 2 µl 6x gel loading dye. Mix it well. 

7. Load it on the gel. 

8. Load 1 kbp ladder and lambda DNA HindIII digest. 

9. Let it resolved in 1x TAE at 100 volts for 45 min. 

10. Visualize it in Gel Documentation system and Image Lab software. The gel images of total soil 

DNA that was extracted by using Methods 1 to 3, 4 to 6, 7 and 8 are shown in Figures 2, 3, 4, 

and 5 respectively. 
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Figure 2. Gel electrophoresis of total soil DNA. The total soil DNA extracted by using 

methods 1 to 3 were resolved by 0.8% agarose gel electrophoresis and visualized with the help 

of Gel Documentation system and Image Lab software. S1: sample processed with liquid 

nitrogen, S2: sample processed without liquid nitrogen. 

Note: High molecular weight DNA (approximately 23 kbp) was extracted using Methods 1 to 3. 

 

 
Figure 3. Gel electrophoresis of total soil DNA. The total soil DNA extracted by using 

methods 4 to 6 were resolved by 0.8% agarose gel electrophoresis and visualized with the help 
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of Gel Documentation system and Image Lab software. S1: sample processed with liquid 

nitrogen, S2: sample processed without liquid nitrogen. 

Note: High molecular weight DNA (> 10 kbp) was extracted using Methods 4 to 6. 

 

 
Figure 4. Gel electrophoresis of total soil DNA. The total soil DNA extracted by using 

method 7 were resolved by 0.8% agarose gel electrophoresis and visualized with the help of 

Gel Documentation system and Image Lab software. S1: sample processed with liquid nitrogen, 

S2: sample processed without liquid nitrogen. 

Note: High molecular weight DNA (> 10 kbp) was extracted using Method 7. 
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Figure 5. Gel electrophoresis of total soil DNA. The total soil DNA extracted by using 

method 8 were resolved by 0.8% agarose gel electrophoresis and visualized with the help of 

Gel Documentation system and Image Lab software. S1: sample processed with liquid nitrogen, 

S2: sample processed without liquid nitrogen. 

Note: High molecular weight DNA (> 10 kbp) was extracted using Method 8. 

 

E. BioTek Epoch Microplate spectrophotometer 

1. Clean Take-3 plate reader with ethanol. 

2. Dilute the samples if necessary (1:100 or 1:200 dilution) by using elution buffer as diluent. 

3. Blank should be elution buffers used for different extraction procedures. 

4. Add 2 µl on the plate and read it with the help of BioTek ELISA plate and support by Gen 5 

Software for providing user-friendly interface for analysis. The quantification of total soil DNA is 

collectively shown in Table 2 and Figure 6. 
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Table 2. Quantification of total soil DNA using BioTek Epoch Microplate 
spectrophotometer 

Sample ng/μl A260/A280 A260/A230 

Method 1 S1 9217.8 1.438 0.534 

Method 1 S2 6380.6 1.487 0.482 

Method 2 S1 4277.8 1.478 0.577 

Method 2 S2 6003.4 1.46 0.616 

Method 3a S1 3704.6 1.534 1.174 

Method 3a S2 5767.7 1.458 1.416 

Method 3b S1 6576.6 1.516 0.711 

Method 3b S2 2814 1.515 0.627 

Method 3c S1 4298 1.472 0.626 

Method 3c S2 4601.7 1.507 0.677 

Method 4a S1 856.3 1.19 0.689 

Method 4a S2 681.2 1.442 0.745 

Method 4b S1 34.1 2.33 0.048 

Method 4b S2 14.8 3 0.023 

Method 5a S1 104 2.33 0.184 

Method 5a S2 563.8 1.468 0.649 

Method 6a S1 616.9 1.732 0.691 

Method 6a S2 1825.8 1.604 1.433 

Method 6b S1 1567.5 1.699 1.427 

Method 6b S2 453.1 1.561 1.391 

Method 7 S2 11.045 1.851 1.052 

Method 8 S2 19.608 1.87 1.789 
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Figure 6. Qualitative analysis of total soil DNA: A ratio of A260/A280 and A260/A230 indicates 
the quality of extracted DNA. If the ratio of A260/A280 is in between 1.8 and 2, it indicates high 

quality DNA. If it is less than 1.8, it indicates protein or other aromatic compounds 

contamination. If the ratio of A260/A230 is less than 2 it indicates the presence of organic 

components such as humic acid. Humic acid present in soil samples can co-extract with the 

total soil DNA during the extraction procedure since both have the same charge and 

characteristics. Humic acid has the ability to interfere in downstream applications such as PCR 

(Humic acid binds to DNA polymerase and interfere in its activity) (Fatima et al., 2014) 

 

Conclusion: In the present study, conventional as well commercial kit based methods were used to 

extract total genomic DNA from soil. The quality and quantity of the extracted total DNA were visualized 

and analyzed by using the BioTek Epoch Microplate spectrophotometer (A260/A280 and A260/A230 ratio) 

and Gel electrophoresis technique. Commercial kit-based methods aid to obtain high quality of DNA as 

compare to conventional methods. Soil DNA extraction is the first step to explore culturable (accounts 

for 1% of microbial communities) as well as non-culturable microbial diversity (accounts for rest 99% of 

microbial communities) in a given soil sample. The DNA extracted by above-mentioned protocols can 

be used to perform soil metagenomics studies in order to discover novel biomolecules such as novel 

metabolites, enzymes, antibiotics (Kapoor et al., 2015; Farias et al., 2018; Castillo Villamizar et al., 

2019). It can also be used to study microbial diversity in different soil samples using 16S rRNA gene 

metagenomics. This will expand the existing microbial databases and also help to understand the effect 

of various environmental factors on soil microbial population and diversity (Leite et al., 2014; Liu et al., 

2019; Matsushita et al., 2019). 
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Recipes 
 

A. Stock solution 

1. 1 M NaCl 

a. Add 2,922 mg of NaCl in 40 ml of MilliQ-water and then make up the volume to 50 ml with 

MilliQ-water 

b. Store at RT 

2. 1 M NaH2PO4 

a. Weigh 7,800.5 mg in 40 ml of MilliQ-water. Mix well. Make up the volume to 50 ml with 

MilliQ-water 

b. Store at RT 

3. 1 M Na2HPO4 

a. Add 7,080 mg of Na2HPO4 in 40 ml of MilliQ-water. Mix well. Make up the volume to 50 ml 

with MilliQ-water 

b. Store at RT 

4. 0.2 M Na2HPO4 

a. Add 4 ml of 1 M Na2HPO4 in 16 ml of MilliQ-water 

b. Store at RT 

5. 1 M Tris-HCl 

a. Add 7,880 mg of Tris-HCl in 40 ml of MillIQ-water 

b. Adjust the pH to 8 

c. Make the volume to 50 ml with MilliQ-water 

d. Store at RT 

6. 0.2 M EDTA 

a. Add 3,725 mg of EDTA in 30 ml of MilliQ-Water. Keep this mixture on the magnetic stirrer 

b. Add few pellets of NaOH and let it stir until EDTA completely dissolves. Check the pH of the 

solution. It should be pH 8 since EDTA dissolves at pH 8 

c. Store at RT 

7. 1 M HCl (1 L) 

Add 83 ml of concentrated HCl and adjust the volume to 1 L with MilliQ-water 

8. 50x TAE buffer 

2 M Tris-Base 

1 M Glacial acetic acid 

50 mM EDTA 

For total volume 1 L: 

a. Add 242,000 mg of Tris-Base  

b. Dissolve it in 750 ml of deionized water 

c. Carefully add 57.1 ml of Glacial Acetic Acid 

d. Add 100 ml of 0.5 M EDTA (pH 8) 
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e. Adjust the solution to final volume of 1 L 

f. Store at RT 

 

B. Working stock solution 

Note: Filter all following preparations with 0.45 µm filter. 

1. DNA extraction buffer 1 

Final concentration: 120 mM Na2HPO4 + 5% SDS (w/v) + 0.1 g PVPP) 

For 50 ml total volume follow the recipe given below: 

a. Add 6 ml of 1,000 mM Na2HPO4 + 0.1 mg PVPP. Mix it well 

b. Then add 2,500 mg of SDS. Mix it well and keep it at 50 °C to completely dissolve 

c. Let the froth settle down 

d. Make the volume to 50 ml with MilliQ-water 

2. 50% PEG (6000) 

For 10 ml total volume 

a. Add 5,000 mg of PEG 6000 in 7 ml of MilliQ-water. Dissolve it properly. Keep it at 50-60 °C 

water bath until dissolve 

b. Make the volume to 10 ml with MilliQ-water 

3. 0.6 M NaCl 

For total volume 25 ml 

a. Add 15 ml of the 1 M NaCl in 7 ml of MilliQ-H2O 

b. Dissolve it by vortexing 

c. Make up the volume to 25 ml by using MilliQ-water 

4. Chloroform:Isoamyl alcohol (24:1) 

For total volume 25 ml 

a. Add 24 ml of Chloroform in 1 ml of isoamylalcohol 

b. Mix it well 

c. Store at 4 °C 

5. 3 M sodium acetate 

Total volume 50 ml 

a. Add 12,304.5 mg of Sodium acetate in 30 ml of MilliQ-Water 

b. Adjust the pH to 5.2 

c. Make up the volume to 50 ml with MilliQ-water 

6. T10E1 buffer  

Total volume 50 ml 

a. Add 0.5 ml of 1 M Tris-HCl + 0.25 ml of 0.2 M EDTA + 49.25 ml of MilliQ-water 

b. Mix it well and store at 4 °C 

7. PCI 

a. Add Equilibration buffer in to the content as per manufacturer’s instructions 

b. pH of the phenolic phase is between 7.8-8.2 
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c. Mix it well and store at 4 °C 

8. 0.1 M Phosphate buffer saline 

0.02 M NaH2PO4 

0.08 M Na2HPO4 

9% NaCl 

For 50 ml total volume: 

a. Add 5 ml of 1 M NaH2PO4 +20 ml of 0.2 M Na2HPO4 + 4,500 mg of NaCl 

b. Adjust the pH 7.4 

c. Make up the volume to 50 ml with MilliQ-water 

9. DNA extraction buffer 2  

For 10 ml DNA extraction buffer-2: 

0.1 M Tris-HCl (pH 8.0) 

0.2 M EDTA (pH 8.0) 

10% SDS 

0.2 M Mannitol 

1 M NaCl 

2% CTAB 

Follow the steps given below: 

a. Add 2 ml of 1 M Tris-HCl+ 1 ml of 0.2 M EDTA+ 1 mg SDS 

b. Vortex to mix it 

c. Keep it at 60 °C to dissolve the mixture completely 

d. Let the foam settle down 

e. Add 0.3643 mg mannitol. Dissolve it properly 

f. Add 0.2 mg of CTAB. Vortex it vigorously. Again let the foam settles down 

g. Keep it at 60 °C until dissolve 

h. Add 0.5 g of NaCl. Vortex. Again keep it at 60 °C to dissolve completely 

i. Filter the solution through 0.45 µm filter 

10. 10% CTAB + 0.7 M NaCl 

For total volume 25 ml: 

a. Pre-warm 20 ml of MilliQ-Water 

b. Add 2.5 mg of CTAB + 1.0227 mg NaCl in pre-warm water 

c. Make up the volume to 25 ml with MilliQ-water 

11. TEN buffer (pH 8.0) 

100 mM Tris-HCl 

50 mM EDTA 

500 mM NaCl 

Add 5 ml of 1 M Tris-HCl + 12.5 ml of 0.2 M EDTA + 25 ml of 1 M NaCl + 42.5 ml of MilliQ-water 

12. TEN buffers supplied with 0.2 mg Lysozyme 

For total volume 1 ml 
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a. 1 ml of TEN buffer + 0.2 mg of Lysozyme 

b. Vortex it to dissolve 

c. Keep it completely in water-sonicator 

13. 20% SDS 

For 50 ml total volume 

a. Weigh 10,000 mg of SDS. Add it in 45 ml of MilliQ-water 

b. Vortex it 

c. Keep it at 40 °C in water bath until dissolve 

14. T50E1 

For total volume 5 ml 

a. Add 0.25 ml of 1 M Tris-HCl + 0.025 ml of 0.2 M EDTA + 4.725 MilliQ-water 

b. Store at RT 

15. Lysozyme (10 mg/ml) 

a. Weigh 10 mg of Lysozyme in 1 ml of MilliQ-water 

b. Vortex it until dissolve 

16. Guanidine-HCl (5 M) 

For total volume 25 ml 

a. Weigh 11,941 mg of Guanidine-HCl in 20 ml of MilliQ-water. Vortex it 

b. Make up the volume to 25 ml with MilliQ-water 

17. 10% Sodium Lauryl Sarcosine 

a. Weigh 5,000 mg of Sodium Lauryl Sarcosine 

b. Add 45 ml of MilliQ-water 

c. Make up the volume to 50 ml with MilliQ-water 

18. TENP  

50 mM Tris-HCl 

20 mM EDTA 

100 mM NaCl 

1% PVPP 

Add 2.5 ml of 1 M Tris-HCl + 5 ml of 0.2 M EDTA + 5 ml of 1 M NaCl 

19. Lysozyme solution 

150 mM Tris-HCl 

100 mM EDTA 

Lysozyme (15 mg/ml) 

For total volume 25 ml: 

a. Add 3.75 ml of 1M Tris-HCl + 12.5 ml of 0.2 M EDTA + 375 mg of lysozyme  

b. Make up the volume to 25 ml with MilliQ-water 

20. SDS solution 

a. 1 ml of 1 M NaCl + 5 ml Tris-HCl + 1 g SDS (10%). Mix well 

b. Let the foam settle down 
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c. Make up the volume to 10 ml with MilliQ-water 

21. 1x TAE buffer (1 L) 

Add 20 ml of 50x TAE + 980 ml of MilliQ-water 

22. 70% Ethanol 

a. Add 70 ml of 100% ethanol + 30 ml of MiliQ-water 

b. Store at 0 °C 
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Abstract

Review Article

intROductiOn

Microbial research has seen a major revolution in the past 
25 years, especially after the introduction of contemporary 
molecular techniques in the last decade. The current microbial 
culturing method on standard media replicates the essential 
aspects such as pH, temperature, nutrients, and osmotic 
conditions that could only support the growth of small 
fraction of total microbial diversity, while the majority of it 
remain unculturable.[1] Next-generation sequencing data have 
evidently shown that the humongous size of the uncultured 
microbial world remains unexplored in conventional 
culturing techniques.[2] This is mainly due to the limitation 
of conventional microbiological isolation and enrichment 
techniques that are not capable of supporting the growth of all 
the microbes present in a sample, under laboratory conditions. 
Because of this drawback, the traditional microbiological 
approach of isolating and characterizing novel microbes from 
an environmental source has taken a back seat. Researchers 
are more interested in capturing and profiling the complete 
microbial diversity present in a given sample, rather than a 
small percentage of it which can be done by conventional 
methods. Along with the progress in the tools and techniques, 
the sample source has also expanded hugely, samples are now 

being explored from a range of natural or artificial sources such 
as agricultural or environmentally relevant soil, aquatic habitat, 
flora present on or inside other organisms, like domestic 
animals or human body.[3-5] The increased interest has initiated 
many local and global scale microbiome projects. One famous 
example is the Human Microbiome Project (HMP; https://
hmpdacc.org/), which was initiated by the National Institutes of 
Health (NIH), launched in 2008 aims to identify the complete 
healthy human microbiome to appreciate the diversity 
and complexity of the microbial communities.[6] Similar 
initiatives have been taken from national funding agencies 
from different countries such as Commonwealth Scientific 
and Industrial Research Organization (Australia), Canadian 
Institutes of Health Research (Canada) (https://cihr-irsc.
gc.ca/e/39939.html), European Commission (Europe) (https://
www.gutmicrob iotaforhealth.com/met ahit/), National 

With the advent of contemporary molecular tools, the conventional microbiological isolation, enrichment techniques, and approaches have changed 
considerably. Molecular techniques such as polymerase chain reaction, cloning, and sequencing have shown that the major percentage of microbial 
diversity in an ecosystem remain “unculturable” or “as yet uncultivable” due to the lack of information on their biology, limited selection media, 
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objective. The present review discusses the 16S ribosomal RNA (16S rRNA) gene metagenomics approach, which has found major applications 
in identifying the composition of a given microbial ecosystem. Different systems, processes, and analysis tools are available to perform 16S rRNA 
metagenomics; however, there are few concerns that require more investigation to gain the maximum benefit of these techniques.

Keywords: 16S ribosomal RNA, metagenomics, microbiome, next-generation sequencing

Address for correspondence: Dr. Harinder Singh, 
Department of Biological Sciences, Sunandan Divatia School of Science, 

NMIMS University, Vile Parle (West), Mumbai, Maharashtra, India. 
E‑mail: Harinder.Singh@nmims.edu

This is an open access journal, and articles are distributed under the terms of the Creative 
Commons Attribution‑NonCommercial‑ShareAlike 4.0 License, which allows others to 
remix, tweak, and build upon the work non-commercially, as long as appropriate credit 
is given and the new creations are licensed under the identical terms.

For reprints contact: WKHLRPMedknow_reprints@wolterskluwer.com

How to cite this article: Kamble A, Sawant S, Singh H. 16S ribosomal 
RNA gene-based metagenomics: A review. Biomed Res J 2020;7:5-11.

16S Ribosomal RNA Gene‑Based Metagenomics: A Review
Asmita Kamble*, Shriya Sawant*, Harinder Singh

Department of Biological Sciences, Sunandan Divatia School of Science, NMIMS Deemed to be University, Vile Parle (W), Mumbai, India
*The first two authors are having equal contributions

Access this article online

Quick Response Code:
Website:  
www.brjnmims.org

DOI:  
10.4103/BMRJ.BMRJ_4_20

Submitted: 03-Mar-2020, Revised: 09-May-2020,
Accepted: 20-May-2020, Published: 12-Jun-2020

© 2020 Biomedical Research Journal | Published by Wolters Kluwer - Medknow 5

[Downloaded free from http://www.brjnmims.org on Wednesday, June 17, 2020, IP: 10.232.74.27]



Kamble, et al.: 16S rRNA gene metagenomics

Agency for Research (France), European Molecular Biology 
Laboratory (Germany), Medical Research Council (Gambia), 
Japan Science and Technology Agency (JST, Japan), National 
Research Foundation (Korea), and NIH (United States).[7] 
The International Human Microbiome Consortium (IHMC; 
http://www.human-microbiome.org/) coordinate the activities 
and policies, share microbiome data and protocols and 
promote the generation of robust data resource. Recently, 
interdisciplinary Unified Microbiome Initiative was started 
with an objective to discover and understand different Earth’s 
microbial ecosystems.[8] In the recent past, a huge impetus has 
been given to the human microbiome research in different 
countries.[9] Most of these studies have generated huge 
data, documenting the diverse microbes present in various 
populations that are different on the basis of geographical 
location, lineage, eating or working lifestyle, etc.[4,5,9,10] This 
practice has definitely increased the demand for nontraditional 
and contemporary techniques to understand the microbial 
world which resist, avoid, or escape the routine cultivation.[3] 
From these focused researches, an area of metagenomics has 
developed, that basically involve the genomic examination 
of a populace of microorganisms. Metagenomics is a 
habitat-based investigation of mixed microbial populations 
at the DNA level.[4] The process of metagenomics involves 
isolating DNA from an environmental sample or any sample 
to be tested, followed by sequencing and genome analysis. 
Targeted metagenomics approaches such as 16S ribosomal 
RNA (16S rRNA) gene metagenomics, include steps such 
as sample collection, DNA isolation, 16S rRNA polymerase 
chain reaction (PCR) amplification, and cleanup, followed by 
the next generation sequencing (NGS), and sequence analysis 
using various computational tools.[11]

The past decade has witnessed many reports on metagenomics 
studies for microbial diversity analysis.[12-16] Large scale 
specific projects such as US NIH‑funded HMP consortium 
have concentrated on producing reference genome of a “healthy 
individual” using metagenomics approaches.[9,17] Several 
methods such as whole genome shotgun, metagenomics 
sequencing of 16S rRNA were employed to thereby obtain 
reference microbial genome of the human body.[9] In addition, 
research groups worldwide are also working on dynamics and 
interactions, and specific components of the microbiome with 
a variety of disease conditions, including cancers.[12-14,18,19] 
Various steps involved in such metagenomics studies are 
discussed below.

Sample collection and isolation of DNA
Isolating the DNA from a given sample is an important step 
in metagenomics as this is the starting material and decides 
the result quality for all the downstream processes. Isolation 
of good quality and quantity of DNA is necessary for moving 
forward with the sequencing and analysis processes. There 
are three critical factors in the isolation process which are 
important: a proper sample collection, isolating the intact 
and high-quality DNA, and isolating DNA free of PCR 
contaminants.[14] Proper sample collection mainly means it is 

necessary to ensure that the collected sample is a representative 
of the environment location under consideration. If the location 
in question is of a natural environment, it is very crucial 
to check and avoid the man-made/artificial interference/
contamination, which can modify the biodiversity analysis. 
For example, a deep-sea marine sample collection should be 
done with the precaution to avoid the microbial contaminants 
from casual or incorrect sample collection practices or 
instruments.[20] Similarly, a natural skin microflora sample 
should be from an untreated skin surface, as the diversity will 
change if it is being treated with any chemicals such as soap 
or cosmetics.[21] A root rhizosphere soil should be collected 
strictly from the immediate surroundings of the plant roots, 
as it drastically differs from the neighboring root‑free soil.[15] 
The DNA isolation protocol must be chosen appropriately to 
avoid excessive shearing or degradation of DNA. Good yield 
of high-molecular weight DNA is preferred, although it is 
not a strict requirement. The high yield is preferable because 
it can increase the size of the population under analysis, as 
opposed to the low yield of genomic DNA. The yield, in 
turn, is dependent on an efficient cell lysis protocol, which is 
another important factor playing a role in DNA isolation. Cell 
lysis can be done either direct or indirect lysis. In direct lysis 
technique, cells are lysed in the sample itself, and then, DNA 
is recovered, whereas in indirect lysis technique, cells are 
first separated from the sample, and then, DNA is extracted. 
It has been noted that more DNA is isolated using the direct 
lysis method as compared to indirect, although higher purity 
is obtained in an indirect lysis method.[14] Another alternative 
for improving the yield of DNA is to preculture the sample 
under required growth conditions, or collecting the sample 
from an environment where the sample is exposed to favorable 
conditions, thus enhancing the trait of interest naturally.[22] This 
is particularly important when targeting a specific population 
of interest. For example, aiming for a novel thermostable 
microbe, a sample from sources like hot springs will be 
favorable instead of normal sample source. Isolating novel 
microbes capable of utilizing a particular substrate can be 
improved by growing the sample in minimal media with the 
required substrate to select the preferred population. It can 
be argued that these modifications will change the diversity, 
but it should be noted that the objective of such studies is to 
find novel candidates, rather than assessing diversity. Another 
important issue which is faced with specific samples such as 
soil is the PCR inhibitors such as humic and fulvic acids which 
are coextracted along with total soil DNA during extraction 
procedures.[23,24] To remove or avoid the PCR inhibitors, DNA 
isolation kits are available and different protocols have been 
reported.[25-29] Another point which has been observed is the 
content of DNA from nontarget organisms. For example, 
genomic DNA isolation from a human skin or oral sample will 
contain only a small percentage of bacterial DNA, and largely 
will be of human DNA, which gets easily isolated with any 
DNA isolation protocol. Similarly, the soil sample will have 
DNA from fungi, protozoa, and viruses along with the bacteria. 
If the next step is to do a specific PCR to amplify the target 
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gene, then this contaminant DNA will not be a hindrance. 
However, when whole-genome sequencing is performed, the 
analysis part will be tedious to remove the nontarget DNA data. 
Hence, the DNA isolation protocol can be selected based on 
the type of sample and the objective of the study.

16S ribosomal RNA gene sequencing and metagenomics
The selection of genes for amplification is a major step 
toward metagenomics. In most of the studies, 16S rRNA 
gene sequencing has been widely used for diversity analysis 
in the polymicrobial population.[16,17,21] The use of rRNA 
gene sequence and its importance to characterize and study 
evolution of bacteria dates back to 1970s, where Carl Woese 
described the use of molecular sequences to determine the 
evolutionary relationships. rRNA gene is a present in all 
self-replicating systems, can be readily isolated, and its 
sequence changes slowly overtime, allowing the detection 
of relatedness among different bacterial species.[30] The 
16S rRNA is universally present in all prokaryotes and has 
multiple sub-regions, namely V1–V9 which can be used for 
the distinct identification of various prokaryotes. Along with 
the hypervariable region, there are the regions conserved 
across all prokaryotes which allows the designing of universal 
primers (F01, 8F, 357F, 515F, 1237F, 519R, 1100R, 1391R) 
to amplify the 16S rRNA gene [Figure 1 and Table 1].[31,32] 
These properties of the 16s rRNA gene make it a useful 
marker for taxonomical classification and separation, giving 
rise to various 16S identification tools and databases such as 
the Ribosomal Database Project (https://rdp.cme.msu.edu/),[33] 
Greengenes (https://greengenes.secondgenome.com/),[34] and 
SILVA (https://www.arb-silva.de/).[35] However, sequencing the 
entire 16S rRNA gene is not necessary for microbial diversity 
analysis. Single or combination of different variable regions 
can be used for diversity analysis. The choice of region varies 
and comparative studies have been carried out using the 
different regions of the 16S rRNA compositional analysis. 
Regions V3-V5 is more often used for this purpose, although 
the region V1–V2 is also reported to be used.[36] It was observed 
that for identification of maximum archaeal sequences, regions 
V1–V4 showed best results for species richness at genus level 
and V3–V5 region for family level identification. For the 
analysis of bacterial sequences, V1–V4 regions showed best 
results for sample richness at species level and has least error 
rates.[37] It is important that the region used for sequencing 
should be chosen rightly, for example, the V3–V4 region of 
16S rRNA is a preferred region giving the best results and 
have low error rates as compared to V8–V9 and are more 
appropriate for clustering analysis.[38,39] However, other regions 
of the 16S rRNA have also been used for sequencing in various 
studies.[40,41] Because of the universality of the gene sequence, 
amplification of the 16S rRNA gene can lead to potential 
complications, if reagents are contaminated, leading to the 
amplification of unwanted products. In most of the bacteria, 
there are multiple copies of the 16S rRNA gene per cell, which 
can affect the quantitative studies toward understanding the 
proportion of different microbes in a sample.[42] Recently, 

researchers have used other universal gene which is present 
in a single copy per cell (like rpoB), thus giving a correct 
estimation of the population numbers.[43] A simple similarity 
search of universal primers showed that there is a slight 
possibility of not amplifying unique and novel sequences. 
The solution to this problem is to update the universal primers 
sequence periodically to include the new gene information that 
has been added recently to the database. The template DNA 
concentration used for PCR is crucial, there should be sufficient 
copies of the target for significant amplification. In certain 
cases, like DNA from the human body, the concentration of the 
target DNA template can be low, as most of it is human DNA, 
PCR amplification will not be efficient.[14] An optimization 
PCR should be performed using specific target primers to 
decide the template concentration for an efficient amplification.

The selection of sequencing method depends on the requirement 
and specific objective of the research. Since metagenomics 
generally involves the detection of a mix population, simple 
sanger sequencing fails to sequence it. The next-generation 
sequencing such as pyrosequencing, illumina, nanopore, and 
PacBio sequencing are mostly used here. These techniques 
have been reviewed extensively, and readers are advised to 
refer to these review articles.[44-47] Among the different NGS 
technologies, 454/Roche is one of the first sequencer to be 
manufactured. It clonally amplifies random DNA fragments 
attached to microscopic beads deposited in the picotitre plate.[48] 

Figure 1: The figure shows the location of universal polymerase chain 
reaction primers used to amplify multiple sub regions (V1 to V9) of 
16S ribosomal RNA gene for analyzing microbial diversity from various 
environmental samples

Table 1: Universal primers for 16S ribosomal RNA gene 
polymerase chain reaction

Name of primer Sequence
8F AGAGTTTGATCCTGGCTCAG
357F CTCCTACGGGAGGCAGCAG
515F GTGYCAGCMGCCGCGGTAA
785F GGATTAGATACCCTGGTA
928F TAAAACTYAAAKGAATTGACGGG
1237F GGGCTACACACGYGCWAC
336R ACTGCTGCSYCCCGTAGGAGTCT
519R GTATTACCGCGGCTGCTGG
805R GACTACHVGGGTATCTAATCC
907R CCGTCAATTCCTTTRAGTTT
1100R GGGTTGCGCTCGTTG
1391R GACGGGCGGTGTGTRCA
The table shows the sequence details for important universal primers used 
for 16S ribosomal RNA gene PCR. PCR: Polymerase chain reaction
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The average read length of the sequence produced using 454/
Roche is 600–800 bp. On the other hand, Illumina technology 
by Solexa amplifies DNA fragments immobilized on a surface 
resulting in a cluster of identical DNA fragments. The cluster 
density ranges from 170 to 1400 K clusters/mm2, depending 
on the type of Illumina system used, and 150–300 bp read 
length can be obtained using this method.[49] There are few 
more sequencing methods developed in recent times like Ion 
Torrent by Thermo Fischer Scientific which amplifies a read 
length from 200 to 600 bp with an output of 0.3–25 gigabases. 
This technology has smaller run time, i.e., 2.5–4 h as compared 
to other technologies.[50] Third-generation sequencers have 
recently been started, which aim to amplify longer reads in 
a real-time sequencing. Single-molecule real-time (SMRT) 
sequencing from Pacific Biosciences (PacBio) was the first 
popular third-generation sequencer, SMRT sequencing 
introduced the capability of real-time sequence acquisition for 
read lengths > 1 kb using sequencing by synthesis and optical 
detection.[51] In 2014, Oxford Nanopore Technologies released 
nanopore sequencing in the form of the MinION, a handheld 
sequencer that uses a grid of membrane-embedded biological 
nanopores.[52] The MinION has the distinct advantage of being 
highly portable and capable of sequencing when plugged into 
a laptop.[53]

For sequencing of 16S rRNA for taxonomic classification, reads 
up to 200–250 bp are satisfactory.[54,55] The read length plays 
an important role in metagenomics studies since identifying 
up to species level can be difficult with shorter reads. Now, 
various kits are available, which can read up to 400 bp, making 
it easier for the identification of 16S rRNA sequences.[56] 
Another important parameter in NGS metagenomics studies 
is Depth of Sequencing/Coverage, which is the number of 
times a genome has been sequenced. This primarily depends 
on the requirement and aim of the study. The sequencing 
depth varies from 30x-50x for whole-genome sequencing, 
to 100x for whole-exome sequencing and ChIP-Seq. For 
RNA sequencing, sequencing depth is calculated in terms 
of numbers of millions (M) of reads to be sampled. For 
profiling highly expressed genes, 5–25 million reads per 
sample should be enough, whereas for experiments looking 
for indepth transcriptome analysis, 100–200 million reads 
per sample might be required (https://sapac.support.illum 
ina.com/bulletins/2017/04/consi derations-for-rna-seq-re 
ad-length-and-coverage-.html). If the main goal of the study 
is to only identify the major bacterial phyla in the sample, 
a smaller sampling depth up to 300–400 M reads per lane 
is sufficient. A study by  Ley et al. in 2008 concluded the 
presence of two major phyla in vertebrate gut microbiome of 
which 75% were firmicutes and 18% bacteriodetes by using 
350 sequences/sample depth coverage.[56,57] Shallow depth 
sampling can be carried for the detection of major community 
data/large scale pattern. On the other hand, studies that aim to 
identify species-level diversity in a sample, higher sequence 
read is required. For 16S rRNA sequencing, sequence reads of 
1000sequences/sample or more are recommended to provide 

species‑level identification. Study carried out by Yang et al. 
in 2018 which involved diversity analysis up to the species 
level of oral microbiome in oral cancer patients with respect 
to different oral cancer stages, sequence depth of 10,000 
sequences/sample was used as a threshold for analysis.[19] 
Low-quality reads (Q-score <20) are generally not useful as 
metagenomics software such as Quantitative Insights Into 
Microbial Ecology (QIIME) filter out low quality reads that 
do not satisfy the requirement.[58]

Data analysis
Several factors are important while assembling the data obtained 
from sequencing. Two major concerns while processing the 
data from raw format are the presence of appropriate read 
lengths and reduction of data processing requirements. 
Depending on the read length of the sequences, the pipelines 
used for gene prediction will differ. MG‑RAST (http://api.
mg-rast.org/api.html) and QIIME2 (QIIME: https://qiime2.
org/) are an open source pipelines that suggests automatic 
phylogenetic and functional analysis of metagenomes, widely 
used to organize 16S rRNA sequences of length 100 bp and 
above,[59] whereas IGM/M (The Integrated Microbial Genomes 
with Microbiome Samples: https://img.jgi.doe.gov/m/) prefers 
data input in the form of contigs. However, the longer the 
sequence length, the better is the potentiality of obtaining 
authentic information by comparing it with the genetic data by 
homology searching.[60] To address the second concern while 
annotating the data, algorithms such as uclust[61] or CD-HIT[62] 
are used which assemble similar reads into contigs and clusters 
making further processing of raw data easier. Longer and more 
complex sequences cannot be analyzed without assembly, 
and therefore, might be lost from the data set if they are not 
arranged appropriately.

For typical metagenomics data for the identification of bacterial 
diversity, common pipelines such as MG-RAST and QIIME2 
involve five major processes that sequences have to undergo 
before the actual visualization of the data [Figure 2].

First, the raw sequences are demultiplexed. Every Next 
Generation Sequencer can sequence the hundreds of samples 
in one run by multiplexing, where a unique barcode is added 

Figure 2: The steps involve are collection of various ecological samples, 
DNA extraction followed by 16S ribosomal RNA sequencing with the 
help of primers [Figure 1], and data analysis with the help of appropriate 
pipeline
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to either one or both ends of each sequence. Once the samples 
are sequenced, these unique barcodes help in de-multiplexing, 
i.e., identifying individual sample sequences. Depending 
on the type of raw data, various options are available for 
demultiplexing. For example, q2-demux and q2-cutadapt are 
used in QIIME 2 for sequences in EMP (Earth Microbiome 
Project; https://earthmicrobiome.org/) format and multiplexed 
barcode in-sequence format respectively. The sequences 
obtained in the raw data can be either single-end (sequences are 
sequenced only in one direction) or paired-end sequences (each 
sequence is sequenced bi-directionally). After de-multiplexing, 
the pairs of paired‑end sequences have to be identified and 
joined to each other for accurate information.[63]

The second step in the pipelines is denoising. This step aims 
to filter out noisy reads, de‑replicate (reduce repetition), 
remove singletons, remove chimeric sequences, and correct 
errors in marginal sequences. In QIIME2, denoising can be 
carried out by two methods, Divisive Amplicon Denoising 
Algorithm (DADA2) and Deblur. For Deblur, basic quality 
score‑based filtering is required which is not necessary in 
DADA2. The outputs obtained after denoising are variants 
of “sequence variant (SV)” or “amplicon SV,” and these are 
100% operational taxonomic units (OTUs).[63] This step is a 
prerequisite for the next step, i.e., clustering. OTU clustering 
is implemented by either closed reference, open reference or 
de novo strategy. In closed reference clustering, all sequences 
are compared against a reference sequence collection, and any 
reads that do not match the reference sequences are discarded 
from downstream analysis, whereas in an open-reference 
clustering, reads are clustered against the reference and those 
that do not match the reference are clustered de novo. The 
final outcomes after denoising and clustering are feature 
table artefact and representative sequences artefact. The 
feature table gives a summary of all annotated features in the 
data (mRNA, genes, and sequences of 16S rRNA) along with 
the information such as the number of times a feature has been 
repeated in the data and in how many samples. On the other 
hand, representative sequences artefact gives information about 
the actual DNA sequence to every annotated feature which 
are later designated a taxonomy after classification using 16S 
rRNA databases like SILVA/RDP/GreenGenes. These are 
used in all downstream analysis and are the central record of 
all observations of a sample.[64]

A series of programs further aid to classify the obtained 
sequences and feature table into taxonomy. Each sequence is 
allotted its taxonomy which helps in carrying out phylogenetic 
analysis. The taxonomic compositions can also be viewed 
as bar plots and heat maps. Following this, detailed analysis 
including alpha and beta analysis can also be carried out 
using this data. Alpha analysis measures the level of diversity 
within individual samples. Beta diversity measures the level of 
diversity or dissimilarity between the samples and dissimilarity 
index measures of microbiome composition dissimilarity 
along with principle coordinate analysis which are depicted 
in the form of Bray-Curtis matrix (quantitative) and Jaccard 

matrix (qualitative). Rarefaction index can be calculated for the 
analysis of species richness for a given number of individual 
samples, based on the construction of so-called rarefaction 
curves.[14,18,19,65] Diversity analyses, including Shannon Index, 
Simpson Index, and Faith PD are also determined using the 
pipelines. The whole data analysis result in a list of bacteria 
identified in the sample which can be further distributed in 
separate lists of Phylum, class, order, family, genus, and species 
and is dependent on the database chosen as a reference, for 
example, RDP, SILVA, Greengenes, etc., The diversity is given 
in the form of absolute count and percent composition. The 
identification is based on the fact that a sequence is matched 
with greater than or equal to 97% similarity to a sequence 
present in the database. This will give only the species of 
genus present in the database, and any new genus will not 
get highlighted in the results. The unclassified candidates are 
clustered under phylum Saccharibacteria formerly known 
as Candidate Division TM7.[66] This group lacks the culture 
isolates, so, the practical role or implication for them is missing 
and further investigation is required for more information. 
Whole-genome sequencing can be one way to identify these 
novel microbes, and their genetic content which can further 
help in deciphering their role.

cOnclusiOn

According to environmental microbiologists, <2% of bacteria 
can be cultured in laboratories from the different ecological 
environments. The percent culturability (a percentage of 
culturable bacteria in comparison with total cell counts) of 
bacteria varies for different habitats. For instance, it ranges 
from 0.001% to 15% for habitats such as for seawater, 
freshwater, mesotrophic lake, unpolluted estuarine waters, 
activated sludge, soil, and sediments.[67-70] On the other hand, 
in habitats like the human oral cavity, 50% of microflora can 
be cultured.[71] However, 16S rRNA gene sequence-based 
metagenomics approaches, widely used in the recent past, 
have enhanced our understanding of microbial diversity at 
such locations. These microbial diversity analysis studies have 
definitely led to the increased discovery of novel bacterial 
lineages. Some of the famous projects such as the HMP 
headed by NIH became possible only due to the advances in 
the metagenomics approaches. Not only do these studies help 
us in understanding the diversity of microbiome in different 
organs of the human body, but it also helps to understand the 
changing dynamics of this microbiome in the state of disease 
and other unhealthy conditions. It has helped in the finding 
and understanding the diversity in environmentally relevant 
microbiome population from different terrestrial and aquatic 
sources. Although most of the studies have been concentrated 
on bacterial studies, more initiatives should be taken to explore 
other microbes such as fungi and viruses. Efforts should also 
be made to enrich the available 16S rRNA gene database to 
remove the redundancy in entries, reducing the percentage 
of partial sequences, as species‑level identification has more 
relevance from the perspective of applications. These studies 
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can be further enriched by whole-genome analysis, and related 
omics studies such as metatranscriptomics, metaproteomics 
and metametabolomics, to understand the functionality and 
dynamics of a microbial community. The network association 
between microbes and with the environment at different 
levels is important to understand the overall function and 
characteristics of an individual habitat and its microbial 
ecology. This can help in curing or modifying certain 
habitats such as soil for various agricultural applications. 
These metagenomics studies can also lead to exploration and 
discovery of novel genes, proteins, enzymes, metabolites, 
and active compounds that can be of medical, environmental, 
and agricultural significance. With new population diversity 
getting reported very frequently, it can help in revealing 
novel microbes that have application or potential in the 
medical, agricultural, and biotechnology industry. Future 
work in this field expects enhancement in cost‑effective and 
streamlined protocols and workflow, technical expertise, 
efficient and robust computational/bioinformatics tools and 
pipelines. Recent metagenomics research has made significant 
contributions toward enhancing the microbial database; 
however, the large repertoire of microbes presents around us, 
warrants further research in order to understand and exploit 
them for the benefit of mankind.
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1. Introduction

Enzymes are natural macromolecules and biocatalysts. They catalyze chemical reactions in organism under suitable
physiological conditions. They have unique features, like high catalytic efficiency, specificity, eco-friendly conditions,
which make them an attractive candidate for industries. The global enzyme market size from 2020 to 2027 is estimated to
grow at a compound annual growth rate of 7.1% (Enzymes Market Size, Share & Trends Analysis Report by Application
(Industrial Enzymes, Specialty Enzymes), by Product (Carbohydrase, Proteases, Lipases), by Source, by Region and
Segment Forecasts, 2020e2027, 2020). Proteases, lipases, and carbohydrases are the most widely used classes of enzyme.
They account for more than 70% of the total enzyme market (Li et al., 2012a).

Enzymes have wide application in various fields such biofuels (Choi et al., 2020), chemical industry (Basso and Serban,
2020), paper and pulp industry (Angural et al., 2020), medical (Vishnoi et al., 2020), food and feed industry (Handa et al.,
2020), detergent and laundry sectors (Duffeck et al., 2020), textiles (Verma et al., 2021), personal care and cosmetics
(Sunar et al., 2016), and nutraceutical (Vieira and Delerue Matos, 2020). For instance, Li et al. (2018) designed 18
enzymatic steps process to synthesize the anticancer compound, noscapine in Saccharomyces cerevisiae (Li et al., 2018).
In 2018, Frances H. Arnold won Nobel Prize in Chemistry. She and her team replace harmful synthetic processes with
mutated microbial enzymes (Arnold, 2018). The enzymes are also being used for synthesis and modification of optically
pure drugs (Margolin, 1993). The native enzymes failed because of instability at broad range of pH, temperature, and
solvent conditions (Shukla, 2020). There are continuous efforts to explore newer and better enzymes, as well as to modify
and improve the existing repertoire of enzymes for industrial application.

There can be two ways to explore novel enzymes: conventional (Suleimanova et al., 2015; Sajidan et al., 2015) and
in silico bioprospecting approach (Kamble et al., 2019; Tan et al., 2016a). In silico bioprospecting approach is an efficient,
cost- and time-effective way to explore and identify novel enzymes from the existing databases that fulfill industrial
demands (Kamble et al., 2019; Tan et al., 2016a). The identified novel enzymes through in silico bioprospecting approach
can be subjected to advance genetic (Zhang et al., 2019) and/or chemical modifications (Naowarojna et al., 2021) or
immobilization approaches (Zhang et al., 2020a,b). These modified enzymes can be applied in suboptimal or extreme
condition reactions, such as temperature (cold/hot) (Li et al., 2019; Xu et al., 2015), salinity (Nasri et al., 2011), and pH
(Grahame, 2016). For example, Coker (2016) generated the chimeric psychrophilic/mesophilic protease via directed
evolution (Coker, 2016). This chapter discusses about different ways to perform in silico bioprospecting to identify novel
enzymes from existing pool of sequences deposited in databases. This will be followed by various approaches that can be
used to perform in silico characterization of novel enzyme candidates.

2. In silico bioprospecting

Bioprospecting of enzyme can be performed by conventional and computational approach (Kamble et al., 2019). Basic
workflow of bioprospecting (conventional and in silico) is described in Fig. 26.1.
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2.1 Conventional approach

The conventional approach involves exploring natural resources for screening novel enzymes (Banik et al., 2018; Boland
et al., 1991; Poddar and Das, 2018; López-López et al., 2013; Suleimanova et al., 2015), growing and isolating microbes
capable of producing the enzyme of interest or using culture-free approach (Sajidan et al., 2015; Kumar et al., 2013; Yao
and Fan, 2007), identification of novel candidate gene in a genome sequence, and the experimental validation (Kamble
et al., 2019; Arnold, 2018; Reetz et al., 2006; Kim and Lei, 2008). The conventional approach is cost- and time-ineffective
(Li et al., 2012a,b). The conventional approaches depend upon the samples purity and quality (Rolf et al., 2020). The
shortlisting of microbes is based on selective media (Priyodip et al., 2018). The PCR amplification with specific or
degenerative primers requires well-established protocol (Yao and Fan, 2007). Recently, an extensive and thorough protocol
optimization was performed for genomic DNA isolation from different soil sources (Kamble and Singh, 2020). The
screening process via conventional approach may or may not yield positive candidates enzyme (Kamble et al., 2019; Bae
et al., 1999).

2.2 Computational approach

The computational approach, i.e., in silico bioprospecting, yields novel candidates from the existing database. It is simple
and effective approach (Voß et al., 2020; Li et al., 2012a; Stewart, 2012). The in silico bioprospecting takes advantage of
these enzyme diversity data. The computational approach involves following steps:

1. Exploring databases to obtain novel candidates.
2. In silico characterization: Screening, analyzing, and shortlisting novel candidates using bioinformatics tools.

2.2.1 Exploring databases to obtain novel candidates

2.2.1.1 Why there is a need to explore databases to obtain novel candidate?

The National Center for Biotechnology Information (NCBI) consisted of 34 databases integrated Entrez system. These 34
databases hold around 3 billion records. The total number of nucleotide and the protein sequences deposited are

FIGURE 26.1 Conventional and in silico/computational bioprospecting workflow.
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42,97,31,711 and 87,42,72,642, respectively, as of September 9, 2020 (Sayers et al., 2021). As mentioned above, the
conventional methods are performed, either by screening of strains (Kumar et al., 2013) or via metagenomics approach
(Castillo Villamizar et al., 2019), and have limitations. Alternatively, the shortlisted candidates can be subjected to OMICS
approach in which the microbial proteome is extracted, analyzed via OMICS, and identified the presence of active enzymes
(Kalia, 2017). Many researchers lately are taking the metagenomics approach, which is based either on activity, i.e., func-
tional metagenomics (Castillo Villamizar et al., 2019), or sequence-based metagenomics (Daniel, 2005). However, it is also
possible to explore the available metagenomic protein sequence dataset for in silico bioprospecting (Vaquero et al., 2015).

2.2.1.2 Ways to search databases via in silico bioprospecting approach to obtain novel enzymes

You can refer to number of databases, listed in Table 26.1, which can be used for in silico bioprospecting to obtain novel
industrially important enzymes (Vob et al., 2020), antibiotics (Nirwan et al., 2021), therapeutic compounds (Deng et al.,

TABLE 26.1 Tools used for exploring and characterizing novel enzymes via in silico bioprospecting approaches.

S.

No. Database Details References Weblink

1. Uniprot It is the protein database.
The data are collected from Swiss-
Prot, TrEMBL, and PIR-PSD
database.

Magrane and
Consortium
(2011)

https://www.uniprot.org/

2. Conserved Domains
database

The protein functional units are
annotated based on conservation
pattern.

Lu et al.
(2020)

https://www.ncbi.nlm.nih.gov/
Structure/cdd/cdd.shtml

3. Protein database The protein sequences are distrib-
uted in GenBank, RefSeq, TPA,
Swiss-Prot, RIP, PDB database.

Pruitt et al.
(2012)
Berman
et al. (2007)

www.ncbi.nlm.nih.gov/home/proteins.
shtml

4. Protein cluster It includes the RefSeq protein
sequence encoded by chlorophyll
genome. It also includes prokary-
otic genome.

Klimke et al.
(2009)

https://www.ncbi.nlm.nih.gov/
proteinclusters

5. Structure The protein sequence data are
derived from PDB database. The
information of sequences is linked
to sequence database, NCBI tax-
onomy database, and biblio-
graphic information.

Madej et al.
(2012)

https://www.ncbi.nlm.nih.gov/
structure

6. Protein Data Bank (PDB) The database consists of X-ray
diffraction or NMR structure data
of protein and also consists of
gene sequence. The 3D structure
of protein is readily available.

Berman et al.
(2007)
Burley et al.
(2021)

https://www.rcsb.org/

7. InterPro It helps to predict protein family,
domain, and binding site. It uses
CATH, CDD, PRINTS, Pfam data-
base for the prediction.

Blum et al.
(2021)

https://www.ebi.ac.uk/interpro/

8. Brenda It is a collection of information-
related enzymatic reaction, struc-
ture, function, kinetic parameters,
stability, and sequence data.

Schomburg
et al. (2004)

https://www.brenda-ews6Y6s.org/

9. SABIO-RK (BKMS-react),
BRENDA, KEGG, MetaCyc

It includes information about the
enzymatic reactions, metabolic
pathways, as well as experimental
conditions.

Lang et al.
(2011)

http://bkms-react.tu-bs.de/index.php

Continued
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TABLE 26.1 Tools used for exploring and characterizing novel enzymes via in silico bioprospecting

approaches.dcont’d

S.

No. Database Details References Weblink

10. A Database of Enzyme Cat-
alytic Mechanisms
(EzCatDb)

This includes information about
enzymatic reactions, cofactors,
metabolites, and active site
domain and catalysis.

Nagano
(2005)

http://ezcatdb.cbrc.jp/EzCatDB/

11. Mechanism and Catalytic
site Atlas: (M-CSA)

It includes information about the
catalytic residues, cofactors, and
reaction mechanism.

Ribeiro et al.
(2018)

https://www.ebi.ac.uk/thornton-srv/m-
csa/

12. Thermodynamic Database
for Proteins and Mutants
(ProTherm)

This contains information related
to the change in thermal stability
as mutations are introduced.

Gromiha
et al. (2000)

https://www.iitm.ac.in/bioinfo/
ProTherm/

13 ProtaBank It includes mutated protein
sequence information.

Wang et al.
(2018)

https://www.protabank.org/

14. Kyoto Encyclopedia of
Genes and Genomes
(KEGG)

This database is a collection of
genomic, chemical, and system
function information.

Yi et al.
(2020)

https://www.genome.jp/kegg/

15. Protein Families (Pfam) This is a protein family database.
The multiple sequence alignment
and hidden Markov model helps
to cluster these families.

El-Gebali
et al. (2019)

http://pfam.xfam.org/

16. PRINTS This is a protein motif database. Attwood
et al. (1994)

http://130.88.97.239/PRINTS/index.
php

17. CATH (Class, architecture,
topology, and homologues)

This is a protein database. It con-
sists of protein superfamily infor-
mation such as Class, architecture,
topology, and homologous
sequences.

Knudsen and
Wiuf (2010)
Dawson
et al. (2017)

https://www.cathdb.info/

18. Structural Classification of
Proteins (SCOP)

This helps in protein structure
classification.

Andreeva
et al. (2020)

http://scop.mrc-lmb.cam.ac.uk/

19. Homology-derived Second-
ary Structure of Proteins
(HSSP)

This includes protein secondary
structure database.

Touw et al.
(2015)

https://swift.cmbi.umcn.nl/gv/facilities/

20. SWISS-3DIMAGE The 3D structure of proteins infor-
mation is gained.

Peitsch et al.
(1995)

http://www.pdg.cnb.uam.es/cursos/
Leon_2003/pages/visualizacion/
programas_manuales/spdbv_
userguide/us.expasy.org/sw3d/index.
html

21. Biological Magnetic Reso-
nance Data Bank
(BioMagResBank)

This has the collection of NMR
database of proteins, amino acids,
and nucleotides.

Ulrich et al.
(2008)

https://bmrb.io/

22. SWISS-MODEL Repository This database consists of 3D
structure.

Bienert et al.
(2017)

https://swissmodel.expasy.org/
repository

23. iProClass This is a protein classification
database.

Wu et al.
(2004)

https://proteininformationresource.org/
pirwww/dbinfo/iproclass.shtml

24. TIGRFAM This is a protein family database. Haft et al.
(2013)

http://tigrfams.jcvi.org/cgi-bin/index.
cgi

25. OWL It is a protein sequence database.
The information is derived from
SWISS-PROT, PIR, GenBank, and
NRL-3D primary sequence
database.

Bleasby et al.
(1994)

http://130.88.97.239/OWL/
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TABLE 26.1 Tools used for exploring and characterizing novel enzymes via in silico bioprospecting

approaches.dcont’d

S.

No. Database Details References Weblink

26. The database of three-
dimensional interacting do-
mains (3DID)

This is a database which involves
interaction information of protein
with known 3D structure.

Mosca et al.
(2014)

https://3did.irbbarcelona.org/

27. DOMINE This is a protein domain interac-
tion database.

Yellaboina
et al. (2011)

https://manticore.niehs.nih.gov/cgi-
bin/Domine

28. Binding MOAD (the Mother
of All Databases)

It is collection of proteineligand
crystal structure information.

Smith et al.
(2019)

https://bindingmoad.org/

29. Phospho.ELM It is a protein phosphorylation site
database.

Dinkel et al.
(2011)

http://phospho.elm.eu.org/

30. SuperSite The database is a collection of
drugeprotein binding site informa-
tion along with its mechanism of
action and conservation of binding
site information.

Bauer et al.
(2009)

https://www.hsls.pitt.edu/obrc/index.
php?page¼URL1237565601

31. STITCH This consists of protein
ecompound interaction network
information.

Kuhn et al.
(2008)

http://stitch.embl.de/

32. Reactome This includes the detail informa-
tion about the protein molecules
involved in various biochemical
pathways. It also provides a
network chart of biochemical pro-
cesses. The information is
collected from UniPort, KEGG,
OMIM, etc.

Fabregat
et al. (2017)

https://reactome.org/

33. UniHI This gives information about the
proteineprotein interaction.

Kalathur
et al. (2014)

http://www.unihi.org/

34. Bionemo It is a collection of data related to
proteins and genes involved in
biodegradation metabolism. It also
includes information related to
structural, biochemical informa-
tion about the proteins and genes
involved in biodegradation
pathways.

Carbajosa
et al. (2009)

https://www.hsls.pitt.edu/obrc/index.
php?page¼URL1233778230

35. The proteolysis map (PMAP) Proteolysis pathway database. Igarashi et al.
(2009)

https://www.hsls.pitt.edu/obrc/index.
php?page¼URL1233764714

36. CAZy (the Carbohydrate-
Active enZYmes Database)

The carbohydrates degradation
enzyme database.

Cantarel
et al. (2009)

http://www.cazy.org/

37. The Lipase engineering
database (LED)

The lipase engineering database. Fischer and
Pleiss (2003)

http://www.led.uni-stuttgart.de/

38. MEROPS This is a peptidase database. Rawlings
et al. (2018)

https://www.ebi.ac.uk/merops/

39. Protease substrate specificity
web server (PROSPER)

It predicts the protease catalytic
substrate and cleavage sites based
on the sequence comparison with
the protease superfamilies.

Song et al.
(2011)

https://prosper.erc.monash.edu.au/
home.html

40. SABIO-RK This includes information about
the biochemical and kinetic
parameters.

Wittig et al.
(2006)

http://sabio.h-its.org/

Continued
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TABLE 26.1 Tools used for exploring and characterizing novel enzymes via in silico bioprospecting

approaches.dcont’d

S.

No. Database Details References Weblink

41. EBI Metagenomics It is an automated pipeline for
storage of metagenomic data,
functional and metabolic analysis.

Mitchell
et al. (2018)

https://www.ebi.ac.uk/metagenomics/

42. Human Pan Microbe Com-
munities Database
(HPMCD)

It consists of manually curated
and searchable human gastrointes-
tinal microbial data.

Forster et al.
(2016)

http://www.hpmcd.org/

43. KEGG MGENES Database It consists of gene data obtained
from large-scale environmental
sequencing studies.

Yi et al.
(2020)

https://www.genome.jp/mgenes/

44. Metagenomes Online It consists of curated protein data
obtained from environmental
metagenomic studies.

Nasko et al.
(2018)
Eric Wom-
mack et al.
(2012)

http://metagenomesonline.org/

45. Viral Informatics Resource
for Metagenome Exploration
(VIROME)

The viral metagenomic sequences
are analyzed.

Eric Wom-
mack et al.
(2012)

http://virome.dbi.udel.edu/

46. Piphillin It helps in prediction of gene
composition. This is done with the
help of 16S rRNA OTU from hu-
man clinical samples metage-
nomic dataset.

Narayan
et al. (2020)

http://piphillin.secondgenome.com/

47. Web services for metage-
nomic analysis (WebMGA)

These are a collection of custom-
izable web servers. This helps in
fast metagenomic analysis.

Wu et al.
(2011)

http://weizhong-lab.ucsd.edu/
webMGA/

48. MG-RAST It is a collection of: repository
þ annotation þ analysis tool for
metagenomic analysis.

Keegan et al.
(2016)

https://www.mg-rast.org/

49. Naı̈ve Bayesian Classifica-
tion (NBC) tool

This helps in taxonomic classifica-
tion of metagenomic data.

Rosen et al.
(2011)

http://nbc.ece.drexel.edu/

50. CoMet It uses protein domain signatures
for comparative analysis of meta-
genomic data.

Lingner et al.
(2011)

http://comet2.gobics.de/

51. MetaBioME This helps in searching commer-
cially important enzymes in the
metagenomic dataset.

Sharma et al.
(2009)

http://metasystems.riken.jp/
metabiome/

52. 16S Classifier It uses 16s rRNA hypervariable re-
gions for taxonomic classification.

Chaudhary
et al. (2015)

http://metagenomics.iiserb.ac.in/
16Sclassifier/application.php

53. ENZYME It is the collection of information
related to characterized enzymes
and its EC number.

Bairoch
(2000)

https://enzyme.expasy.org/

54. ExplorEnz The IUBMB enzyme nomenclature
is curated and disseminated.

McDonald
et al. (2009)

https://www.enzyme-database.org/

55. The StructureeFunction
Linkage Database (SFLD)

It helps in hierarchical classifica-
tion of enzymes as well as predict-
ing structureefunction
relationship.

Eyal et al.
(2014)

http://sfld.rbvi.ucsf.edu/archive/
django/index.html
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TABLE 26.1 Tools used for exploring and characterizing novel enzymes via in silico bioprospecting

approaches.dcont’d

S.

No. Database Details References Weblink

56. Catalytic Families (CatFam) The enzyme sequence profile is
used for understanding protein
catalytic functions.

Yu et al.
(2008)

http://www.bhsai.org/downloads/
catfam.tar.gz

57. MetaCyc The experimental data of meta-
bolic pathways and enzymes are
stored in this database.

Karp et al.
(2002)

https://metacyc.org/

58. EAWAG-BBD It gives information about the bio-
catalytic reactions and biodegra-
dation pathways.

Ellis and
Wackett
(2012)

http://eawag-bbd.ethz.ch/

59. Fungal Peroxidase Database
(fPoxDB)

It is a database of fungus peroxi-
dases. It helps in comparative and
evolutionary genomics of
peroxidases.

Choi et al.
(2014)

http://peroxidase.riceblast.snu.ac.kr/
index.php?a¼view

60. Enzyme Structure Database It is a collection of known enzyme
structure and these data are sub-
mitted into PDB.

Laskowski
et al. (2018)

https://www.ebi.ac.uk/thornton-srv/da-
tabases/enzymes/

61. Integrated Relational
Enzyme Database (IntEnz)

It helps in enzyme nomenclature. Fleischmann
et al. (2004)

https://www.ebi.ac.uk/intenz/

62. REBASE It is a collection of information
related to DNA restriction and
modification system.

Roberts et al.
(2015)

http://rebase.neb.com/rebase/rebase.
html

63. ESTerases and Alpha/beta-
Hydrolase Enzymes and
Relatives (ESTHER
Database)

It helps in analyzing the proteins
and protein domains of
hydrolyses.

Lenfant et al.
(2013)

http://bioweb.supagro.inra.fr/ESTHER/
general?what¼index

64. A peroxidase database
(PeroxiBase)

It helps in identifying putative
functions and transcription regula-
tion of peroxidase.

Passardi et al.
(2007)

https://www.uniprot.org/database/DB-
0072

65. KinBase It is a collection of information
related to protein kinases.

Caenepeel
et al. (2004)

https://www.hsls.pitt.edu/obrc/index.
php?page¼URL1054842958

66. ArthropodaCyc It helps in predicting and identi-
fying enzymes and their pathways
that are unique to a given organ-
ism and/or group of organism.

Baa-Puyoulet
et al. (2016)

http://arthropodacyc.cycadsys.org/

67. A database for plant
carbohydrate-active en-
zymes (PlantCAZyme)

It helps in providing sequence and
data related to CAZymes.

Ekstrom et al.
(2014)

http://bcb.unl.edu/plantcazyme/

68. A database of ORphan
ENZyme Activities
(ORENZA)

It helps in predicting enzymatic
activities of enzyme which does
not have any representative
sequence in the database.

Lespinet and
Labedan
(2006)

http://www.orenza.universite-paris-
saclay.fr/

69. MEME Functional motifs. Bailey et al.
(2015)

https://meme-suite.org/meme/

70. ProtoNet The orthologous sequences were
clustered.

Rappoport
et al. (2012)

http://www.protonet.cs.huji.ac.il/

71. TargetP/ChloroP Subcellular localization. Emanuelsson
et al. (2000)
Heinegård
and Paulsson
(1987)

http://www.cbs.dtu.dk/services/
TargetP/http://www.cbs.dtu.dk/
services/ChloroP/

Continued
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2018), and unravel unidentified biochemical pathways and functions (Fabregat et al., 2017). There are around 4e6 � 1030

prokaryotes that inhabit the earth (Whitman et al., 1998), from which 95%e99.9% of microorganisms are uncultivable (Li
et al., 2009). We can either improvise our cultivation-based approaches, or adopt cultivation-independent approach to
identify them (Li et al., 2009). Pace and colleagues introduced cultivation-independent approach that targeted isolation of
all the possible genomes from all the microorganisms in a given habitat (Pace et al., 1986). The first metagenome-based
community characterization using 16s rDNA genes was performed by Schmidt et al. (1991), Li et al. (2009). Thus, it is
preferable to consider both cultivable and uncultivable microbial community from any environmental samples (Stewart,
2012; Foong et al., 2018).

TABLE 26.1 Tools used for exploring and characterizing novel enzymes via in silico bioprospecting

approaches.dcont’d

S.

No. Database Details References Weblink

72. TMHMM server Predicting membrane protein. Krogh et al.
(2001)

http://www.cbs.dtu.dk/services/
TMHMM/

73. SignalP Detecting Signal peptide. Almagro
Armenteros
et al. (2019)

http://www.cbs.dtu.dk/services/
SignalP/

74. ProtParam tool The molecular weight, theoretical
pI, total number of positive and
negative residues, extinction coef-
ficient, aliphatic index, instability
index, and grand average of
hydropathicity (GRAVY) are
predicted.

Gasteiger
et al. (2005)

https://web.expasy.org/protparam/

75. The self-optimized predic-
tion method (SOPMA)

The percentage of a-helix,
b-pleated sheet and coils were
analyzed.

Geourjon
and Deléage
(1995)

https://vlab.amrita.edu/?
sub¼3&brch¼275&sim¼1454&cnt¼1

76. PsiPred The identification of structural de-
tails such as disordered region of
protein, disulfide bond, internal
repeats, pest region, ubiquitination
site, n-glycosylation site, intron
eexon organization.

McGuffin
et al. (2000)

http://bioinf.cs.ucl.ac.uk/psipred/

78. Modeller Structure modeling. Eswar et al.
(2006)

https://salilab.org/modeller/

79. Computed Atlas of Surface
Topography of proteins
(CASTp)

Predicting the conserved active
catalytic residues in selected pro-
tein model.

Tian et al.
(2018)

http://sts.bioe.uic.edu/castp/index.
html

80. PROCHECK Helps in understanding stereo-
chemistry quality of the protein
structure.

Laskowski
et al. (1993)

https://www.ebi.ac.uk/thornton-srv/
software/PROCHECK/

81. Protein Structure analysis
(PROSA)

It helps in refinement of structure,
structure prediction, and
modeling.

Wiederstein
and Sippl
(2007)

https://prosa.services.came.sbg.ac.at/
prosa.php

82. VERIFY3D It is used for evaluation of
structure.

Eisenberg
et al. (1997)

https://servicesn.mbi.ucla.edu/viewer/
?job¼9678&p¼verify3d

83. ERRAT It is used to verify the reliability of
the modeled structure.

Colovos and
Yeates (1993)

https://servicesn.mbi.ucla.edu/ERRAT/

84. Qualitative Model Energy
Analysis (QMEAN)

It is used to check the quality and
analyze the stereochemistry of the
modeled structure.

Benkert et al.
(2007)

https://swissmodel.expasy.org/qmean/
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The basic workflow of metagenomics involves extraction and shearing of metagenomic DNA from any environmental
samples, construct metagenomics library, sequence, assembled and classified taxonomically (Foong et al., 2018;
Priyadarshini and Singh, 2019; Kamble et al., 2020; Haynes, 2013; Gao et al., 2016; Méndez-García et al., 2018). The
combination of proteomics and transcriptomics paves a way to a successful enzyme prediction (Tan et al., 2019). In silico
bioprospecting can also be used to find novel enzymes when the substrate is known (Zhang et al., 2020a,b). To identify a
novel candidate, the sequence databases can be searched on the basis of homology (Voß et al., 2020), conserved motif
(Vaquero et al., 2015), consensus-guided approach (Toyama et al., 2018), or simply by keyword search (Gupta et al.,
2018). The candidates obtained can be filtered out on the basis of percentage identity (Bunterngsook et al., 2021), query
coverage (Gupta et al., 2018), and e-value (González-Torres et al., 2020). The parameters such as protein coding
gene sequence, or protein domain, or protein function, can be utilized to search novel enzymes from the databases
(Kamble et al., 2019).

The approach to search novel candidate through homology or presence or absence of conserved domain involves
(Zhang et al., 2020a,b) blast search against the databases to find homologous sequence (Zhang et al., 2020a,b; Voß et al.,
2020), and analyze evolutionary relationship using servers/softwares such as MEGA-X in order to remove distant relatives
(Zhang et al., 2020a,b; Vaquero et al., 2015); tertiary structure prediction is done by using softwares/servers such as Phre2,
Swiss-model, or Modeller (Zhang et al., 2020a,b; Bunterngsook et al., 2021), analysis of consensus and nonconsensus
residues (Zhang et al., 2020a,b; Toyama et al., 2018), and analysis of catalytic site (Zhang et al., 2020a,b). The combined
in silico and experimental approach can also be adopted to harness novel candidate (Zhang et al., 2020a,b). For example,
the combined experimental and in silico approach was adopted to explore camel rumen metagenomics data and discover a
novel alkali-thermostable xylanase (Zhang et al., 2020a,b; Priyadarshini and Singh, 2019; Datta et al., 2020).

2.2.1.3 Studies using in silico bioprospecting of novel enzymes

Bunterngsook et al. (2021) performed in silico bioprospecting to search for putative lytic polysaccharide monooxygenases
(LPMOs) from thermophilic microbial metagenomics dataset of soil present near bagasse collection site by using Blastp
tool against the Carbohydrate-Active enZYmes (CAZy) database (Bunterngsook et al., 2021). Similarly, the nr database
present in NCBI was used to search the putative L-Asparaginases (ASNases) (González-Torres et al., 2020). Araújo et al.
(2020) retrieved 172 hypothetical proteins (HPs) from 32 Corynebacterium pseudotuberculosis biovar ovis genomes using
NCBI database and online platform RAST (Rapid Annotations using Subsystems Technology) (Araújo et al., 2020). In the
year 2017, around 6000 clones’ active or purified enzymes were extracted from the metagenomics database (Zhang et al.,
2020a). Góngora-Castillo et al. (2020) developed a strategy to extract novel proteases S8A from metagenomics database
such as Metagenomic Rapid Annotations using Subsystems Technology (MG-RAST) database (Góngora-Castillo et al.,
2020). The nine novel proteases S8A were discovered that exhibited an S8 catalytic triad and belonged to phyla
Proteobacteria, Actinobacteria, Planctomycetes, Bacteroidetes, and Cyanobacteria (Góngora-Castillo et al., 2020).
Ariaeenejad et al. (2020) mined novel alkali-thermostable endo-b-1,4-glucanase from raw sheep rumen metagenomics
data. Balik Pulau (BP) mangrove soil metagenome data deposited in MG-RAST database were explored to find poly-
hydroxyalkanoate (PHA) synthase gene (Foong et al., 2018).

2.2.1.4 Studies using in silico bioprospecting on the basis of homology

A known candidate is used to search the existing database in order to extract novel enzyme sequences. The sequence can be
in the form of protein or DNA sequence. The gene sequence used to search the databases should be a full length complete
sequence, and retain conserved domain(s), as the incomplete sequence yields nonfunctional proteins. The similar
sequences that are >90% identical are discarded. This helps to shortlist novel candidate and not the closest homologous
sequences. The sequences which are retained will be approximately 80% identical and exhibits the presence of conserved
domain(s)/residues. These parameters ensure the selection of novel candidates with conserved domain and away from the
closet homologous sequences. This comparison enables to find out the similarities and differences among the aligned
sequences, aids in verifying protein homologies, and builds phylogenetic tree that trace evolutionary linkages (Kamble
et al., 2019; Zhang et al., 2020a,b). For example, Gupta et al. (2018) searched NCBI database by using keywords such as
‘Hypothetical Protein of Triticum aestivum,’ ‘Hypothetical Proteins of wheat.’ The shortlisted sequences were then
subjected to Blastp (Gupta et al., 2018). Rolf et al. (2020) identified novel cyclic GMPeAMP synthase (cGAS) homo-
logues using similar approach (Rolf et al., 2020). Yata et al. (2021) compared Cucumis sativus Urease (CsU), Fragaria
vesca Urease (FvU) with the reference Pigeon pea Urease (PpU) by using computational tools (Yata et al., 2021). Voß et al.
(2020) mined 96 putative novel b-etherases by using peptide pattern recognition tool (Voß et al., 2020). Şahuto�glu et al.
(2020) studied the structural and functional aspect of two novel endo-b-N-acetylglucosaminidase isoenzymes (Şahuto�glu
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et al., 2020). Sadeghian et al. performed in silico analyses to identify thermostable multicopper oxidases that exhibit
bilirubin oxidases (BODs) by using Blast search and NCBI database (Sadeghian et al., 2020). The novel a-amylases were
mined by using sheep rumen metagenomics data (Motahar et al., 2020).

Sequence similarity network (SSN) can aid in finding the homologous sequences. The SSN can be generated in
Pythoscape tool. The user-friendly tool to develop SSN is Enzyme Similarity Tool (EFI-EST network tool) and result can
be evaluated via Cytoscape software (Gerlt et al., 2015).

The computational software(s) such as MEME can be used to search conserved motif. The approach sometimes does
not yield any significant candidate. For example, the conserved motifs in Pseudozyma antarctica lipase B family were
identified by using MEME software (Vaquero et al., 2015). The ado gene from Synechococcus elongatus PCC7942 was
used as a query to search IMG/MER hot spring database (Shakeel et al., 2018). Toyama et al. (2018) retrieved a novel b-
glucosidase by exploring microbial metagenome of lake Poraquê via sequence similarity search (Toyama et al., 2018).

2.2.1.5 In silico bioprospecting via analyzing conserved domain

The conserved domain can be used to identify novel candidate. For example, the NCBI protein and UniProt database can
be used to retrieve HP sequences. The data from NCBI database were run on Conserved Domains Database (CDD)-search
suite to obtain clusters of sequences similar to the input HP sequences. The data were arranged on the basis of conserved
domain. The data obtained from CDD were cross-checked on Protein families (Pfam) and InterProScan (Guha et al., 2020).
Tan et al. (2016b) retrieved novel histidine acid phytases from IMG/M database. The 18 metagenomes of fungus garden in
IMG/M database were explored on the basis of conserved domain of histidine acid phosphatases. The total number of 11
putative sequences was shortlisted (Tan et al., 2016b). The microbiome dataset generated through next-generation
sequencing technology along with putative domain information can be used to explore novel candidates (Thornbury
et al., 2018). Maleki et al. (2020) mined two novel thermostable cellulases from camel rumen microbiome samples
metagenomic sequence data. Ariaeenejad et al. (2018) mined thermostable, halotolerant, and glucose-tolerant
novel b-glucosidase via in silico bioprospecting approach. They used metagenomics data of sheep rumen microbiota
(Ariaeenejad et al., 2018). Musumeci et al. (2017) mined novel monoxygenases from cold marine sediment metagenomic
dataset deposited in IMG database.

2.2.1.6 The combination of homology and conserved domain approach

The combination of approaches such as homology based or conserved domain information along with the data deposited in
the databases can be used for in silico bioprospecting of novel enzymes. The approaches are implemented by using
computational tools such as Blastp tool. The parameters such as e-value, presence or absence of conserved domain, and
conserved motif are used to filter out data to get relevant novel candidate(s). For example, Sahoo et al. (2020) used genome
information and computational tools such as Blastp to retrieve HPs from 26 microbial genomes which can contribute in
algal lipid metabolism. Only those candidates, which possess the conserved domains, were retained (a total of 285
sequences) and characterized by using various computational tools (Sahoo et al., 2020).

2.2.2 In silico characterization of novel candidates

The in silico characterizations of putative sequences are performed using various computational tools (Table 26.1).

2.2.2.1 Primary sequence analysis and secondary structure analysis

The primary sequence analysis involves isoelectric point (pI), total amino acid composition, instability index, aliphatic
index, and grand average of hydropathicity (GRAVY). The ExPasy-ProtParam and PEPSTATS tool was used to evaluate
physiochemical properties of shortlisted candidates (Bhagwat et al., 2021; Sharma et al., 2017; Guha et al., 2020; Sharma,
2020; Smith and Caruso, 2013). The secondary structure analysis involves evaluation of the number of helices, sheets,
turns, and coils present in the protein sequence. It is done by using tools such as Position Specific iteration (PSI)-Blast
based secondary structure PREDiction (PSIPRED), ESPript, the Self-Optimized Prediction Method with Alignment
(SOPMA), SIB MyHits Motif scan, and Pfam SOPMA server (Bhagwat et al., 2021; Hemmati and Mehrabadi, 2020;
Şahuto�glu et al., 2020; Motahar et al., 2020).

2.2.2.2 Tertiary structure analysis and evaluation

Iterative Threading ASSEmbly Refinement (I-TASSER) (González-Torres et al., 2020; Şahuto�glu et al., 2020; Hemmati
and Mehrabadi, 2020), MODELLER (Shakeel et al., 2018), HHpred web server, Phyre2 server (Ariaeenejad et al., 2020;
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Maleki et al., 2020), and Swiss-model (Bunterngsook et al., 2021) can be used for 3D structure analysis. The modeling
depends on the identity, similarity, and extent of coverage between the target and the template (Bhagwat et al., 2021). The
combination of SWISS-MODEL and I-TASSER ROBETTA web server was used to construct the complete structure of
endo-b-N-acetylglucosaminidases (Şahuto�glu et al., 2020). The 3D modeling was performed using HHpred web server and
Modeller software (Musumeci et al., 2017). The evaluation of model structure is done usually by using computational
programs, such as PROCHECK, Qualitative Model Energy Analysis (QMEAN), and Verify 3D, for checking its reliability
for further analysis (Hemmati and Mehrabadi, 2020).

2.2.2.3 Phylogenetic analysis

The most widely used phylogenetic software is Molecular Evolutionary Genetics Analysis (MEGA) (Bunterngsook et al.,
2021), PhyloPythiaS (Tan et al., 2016b), EMBL-EBI (Yata et al., 2021), and MAFFT server (Voß et al., 2020).

2.2.2.4 Functional analysis

The functional analysis helps to gain structural insights about the model structure related to the function. It involves
analysis of parameters such as protein interaction, glycosylation, disulfide bond, conserved domain, conserved motif,
catalytic mechanism, molecular dynamics (MD), and molecular docking. The study of enzyme mechanism involves
molecular structure, free energy of activation, binding process, cleavage of chemical bonds, and molecular interactions.
The information about the catalytic mechanism is collected in databases such as BRENDA, Enzyme Function Initiative
(EFI), and ExPASy-ENZYME (Zhang et al., 2020a,b). The orientation of side chain of enzyme residues and the packing of
polypeptide chain of enzymes helps in recognition of enzyme, and its binding and catalysis reaction (Priyadarshini and
Singh, 2019). Sharma (2020) studied functional properties of stress-responsive acid phosphatase gene TaPase via ProFun
server (Sharma, 2020). The melting temperature of a novel thermo/organo tolerant BOD was studied via SCooP servers
(Sadeghian et al., 2020).

2.2.2.5 Protein interaction network

The Transmembrane Helices, Hidden Markov Model (TMHMM) Server was used to identify transmembrane motifs of
insect trypsin enzymes. The trypsin interaction network was revealed by using the Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING). The information derived from these computational tools was used to design specific
inhibitors to insect trypsin enzymes (Hemmati and Mehrabadi, 2020). STRING database is used to predict functional
protein association network of novel abiotic stress proteins in T. aestivum (Gupta et al., 2018). STRING was used for
studying the proteineprotein network of HPs from the core genome of C. pseudotuberculosis biovar ovis (Araújo et al.,
2020).

2.2.2.6 Conserved motif, domains, peptide, epitope, glycosylation, disulfide bonds, antigenicity, and
localization

Hemmati and Mehrabadi (2020) discovered highly conserved peptide motifs in the insect trypsin enzyme via using the
Multiple Em for Motif Elicitation (MEME) program (Hemmati and Mehrabadi, 2020). The SIB MyHits Motif scan and
Pfam was used to find possible motifs in Beauveria bassiana chitinase (Bhagwat et al., 2021). Conserved Domain
Database was used to predict the conserved domain of the unique endo-b-1,4-glucanase (Ariaeenejad et al., 2018).
Similarly, the Conserved Domain Database was used to predict conserved domains in a novel a-amylase (Motahar et al.,
2020). Functional domains and families were studied by comparing list of HPs against Pfam, CATH, SVM-Prot, CDART,
SMART, and ProtoNet databases (Gupta et al., 2018). The in silico functional characterization and domain analysis of HPs
involved in lipid accumulation were performed by using CATH, Pfam, protein analysis through evolutionary relationships
(PANTHER), MEME, ProtoNet, Kyoto Encyclopedia of Genes and Genomes (KEGG) database. The information about
the structural properties was obtained via Self-Optimized Prediction Method with Alignment (SOPMA), SCRATCH,
NetNGlyc, and GeneWise (Sahoo et al., 2020). The functional annotations of 172 HPs from C. pseudotuberculosis biovar
ovis genomes were carried out with the help of GO FEAT tool (Araújo et al., 2020).

The signal peptide is recognized by using SignalP. For example, SignalP was used for identifying signal peptide in
novel mesophilic phytase and novel AA9-type LPMO (Tan et al., 2016b; Bunterngsook et al., 2021). The B-cell epitope
prediction was performed by BCPREDS (Guha et al., 2020). NetNGlyc1.0 server used for predicting for N-glycosylation
sites and DiANNA 1.1 web server was used for predicting disulfide bonds in novel CalB-Type Lipase (Vaquero et al.,
2015). The ANTIGENpro server was used to predict antigenicity. The binding prediction of HLA class II was performed
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using the MHC II Analysis Resource at the Immune Epitope Database (IEDB) server (González-Torres et al., 2020). Plant-
mPLoc, MultiLoc2, SherLoc2, WoLF Psort, and TargetP were used to find out localization of HPs (Gupta et al., 2018).
Guha et al. (2020) used Psortdb and CELLO for analyzing for localization of HPs (Guha et al., 2020). Araújo et al. (2020)
identified subcellular localization of HPs from the core genome of C. pseudotuberculosis biovar ovis via Psortdb (Araújo
et al.,2020). Sahoo et al. (2020) used TargetP, ChloroP, WoLF PSORT, TMHMM server, SignalP for signal peptide
recognition in HPs (Sahoo et al., 2020). Hidden Markov Model (TMHMM) tool is used to get information regarding
membrane topology of 15 chitinases, and CELLO v.2.5. was used to determine their subcellular localization (Bhagwat
et al., 2021).

2.2.2.7 Molecular dynamics simulation studies

MD simulation studies capture the atomic movements (from ps to ns) of enzyme or enzyme complexes. The studies
provide the insights into enzyme structural flexibility and function. The GROningen MAchine for Chemical Simulations
(GROMACS), Assisted Model Building and Energy Refinement (AMBER), and Chemistry at Harvard Macromolecular
Mechanics (CHARMM) are most widely used software to perform MD simulations. It is a multistep procedure. It involves
force field selection, topology file generation, system preparation for conducting simulation, energy minimization,
equilibration, and analysis. There are two approaches, i.e., molecular mechanics (MM) or quantum mechanics (QM)
(Zhang et al., 2020a,b). The MD simulations of Np-ADO and its mutants, Cts-ADO were performed at different
temperatures. The thermally sensitive regions were recognized by the Root Mean Square Deviation (RMSD) and the Root
Mean Square Fluctuation (RMSF) analysis (Shakeel et al., 2018). The stability of the binding of novel inhibitors of
Mycobacterium tuberculosis (Mtb)-MurB oxidoreductase enzyme was supported by MD simulation data (Nirwan et al.,
2021). The Nanoscale Molecular Dynamics (NAMD) software was used for MD simulation of two novel N-
acetylglucosaminidase enzymes (Şahuto�glu et al., 2020).

The conformational stability, total energy of the system, and structure compactness of C. sativus Urease were evaluated
by using MD simulation using the Sander module of AMBER (Yata et al., 2021). The catalytic mechanism of D-lactate
dehydrogenase is revealed by adopting experimental and in silico approach, i.e., MD simulation (Zhang et al., 2020a,b).

2.2.2.8 Molecular docking

Molecular docking approach helps to gain insight into mechanisms of catalysis and inhibitor discovery (Zhang et al.,
2020a,b). The Docking analysis of B. bassiana chitinases was performed using AutoDock Vina program (Bhagwat et al.,
2021; Yata et al., 2021; Musumeci et al., 2017). Ligand docking with two novel N-acetyl-glucosaminidase enzymes was
performed using SwissDock (Şahuto�glu et al., 2020). Nirwan et al., (2021) discovered 12 compounds from ZINC database
that have potential to inhibit M. tuberculosis MurB (Nirwan et al., 2021).

3. Conclusion

The numbers of sequences in databases are increasing at an exponential rate with many incomplete annotations. There are
about 40% of the sequences that fall into the category of uncharacterized protein while there are 20% of the sequences
which are not annotated correctly in the databases. To overcome this limitation, the text-based approach on the basis of
enzymatic function can be carried out in a few curated databases such as the CAZy database or the Lipase Engineering
Database (LED) (Zaparucha et al., 2018). The MD simulation and molecular docking can be performed with protein
candidates; however, it is a difficult task to select significant program, algorithms, and parameters to perform simulation
(Zhang et al., 2020a,b). The in silico bioprospecting approach, which involves exploration of the existing databases and
in silico characterization, can potentially reduce down burden of traditional screening process and drastically improve the
novel enzyme discovery process. The protein engineering approach can certainly help in improving properties of the novel
as well as existing proteins/enzymes.
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Chapter 1: Introduction 

Phytate, also known as myoinositol hexakisphosphate, cannot be digested by monogastric animals 

because they lack the phytase enzyme. Phytate accounts for 80% of the total organic phosphate 

pool in soil (Menezes-Blackburn et al. 2013). In the soil, phytate forms complexes and binds to 

metal ions that are crucial for soil fertility and plant growth. It binds to various metal ions such as 

calcium, iron, zinc, and magnesium, as well as trace minerals like manganese, copper, and 

molybdenum, thereby reducing their availability. As a result, the nutritional value of the diet 

decreases. To compensate for this, feed and food preparations for animal growth require 

supplementation of inorganic phosphate along with essential ions like calcium and iron (Goutami 

Banerjee, Khin Oo, XIyun Zhang, Jie Yang 2017). When phytate binds to minerals, it forms 

mineral phytate complexes that remain unabsorbed in the gut and are excreted without being 

utilized. This indigestible phytate, along with excessive phosphate supplementation in feed, can 

contribute to environmental pollution (Vashishth, Ram, and Beniwal 2017). Phytate also interacts 

with proteins, forming complexes through electrostatic interactions. This interaction affects the 

structure, activity, solubility, and digestibility of proteins, making them less accessible to proteases 

and resulting in inefficient protein digestion (Vashishth, Ram, and Beniwal 2017). Additionally, 

phytate binds to enzymes such as trypsin, pepsin, α-amylase, and β-galactosidase, reducing their 

activity and availability. It also forms complexes with starch and lipids, resulting in starch 

complexes and lipo-phytic acids, respectively (Goutami Banerjee, Khin Oo, XIyun Zhang, Jie 

Yang 2017). The degradation of phytate is important for several reasons. Firstly, it can reduce feed 

costs, which account for a significant portion (60-70%) of livestock farming expenses, by 

minimizing the need for inorganic phosphorous supplementation (Becker 2008). Phytate serves as 

a rich source of inorganic phosphate. Secondly, phytate degradation can increase the bioavailability 

of micronutrients in animal feed, thereby enhancing its nutritional value and promoting better 

growth performance in the poultry industry. Apart from its significance in the feed industry, phytate 

degradation is also crucial for improving soil fertility, plant growth, and bioethanol production 

(Bhavsar and Khire 2014). 

Phytase enzymes, known as myoinositol hexakisphosphate phosphohydrolases, act on phytate 

complexes as their substrate. They catalyze the breakdown of O-P (oxygen-phosphorous) bonds in 

phytate, leading to the release of various products such as inositol, intermediate derivatives of 
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inositol, phosphate, and other micronutrients (Vashishth, Ram, and Beniwal 2017). Phytases are 

classified based on stereospecificity of phytate hydrolysis (3/1 or 4/6), sources of isolation, 

optimum pH (acidic/alkaline), and catalytic mechanisms (histidine acid phytases, ß-propeller, 

cysteine phosphatases, and purple acid phosphatases) (Menezes-Blackburn et al. 2013). Phytases 

are mainly isolated from plant and microbial sources (Vikas Kumar and Sinha 2018). Phytases find 

extensive use in various sectors such as the feed and food industry, aquaculture, bioethanol 

production, the reduction of myoinositol phosphates, and even in soil improvement (Bhavsar and 

Khire 2014) (Vikas Kumar and Sinha 2018).  

The utilization of phytase in the feed and food industry, bioethanol, and myoinositol phosphates 

production process are restricted due to its reduced effectiveness during high-temperature 

processing stages (Rebello et al. 2017) (Vikas Kumar and Sinha 2018) (Makolomakwa et al. 2017). 

The application of phytases is also limited in the soil amendment process as it depends upon 

various factors such as soil environment (pH, temperature, presence of metal ions), bioavailability 

of phytate, or presence of inhibitors in soil (Menezes-Blackburn et al. 2013). Hence there is a 

constant need to explore novel stable phytases by conventional and computational approaches 

(Tan, Wu, et al. 2016a) (Castillo Villamizar et al. 2019).  

In general, the conventional method involves searching for new enzymes in natural sources 

(Castillo Villamizar et al. 2019), while the computational method utilizes existing databases to 

identify enzymes (Tan, Wu, et al. 2016a). These novel enzymes are further subjected to protein 

engineering approaches (directed evolution/ rational/ semi-rational approach) to enhance their 

properties (Zhang et al. 2019) (K. Kumar et al. 2015) (Sadeghian et al. 2020) (Soh et al. 2017) 

(Chen et al. 2015).  

In this context, the present study focused on bioprospecting novel phytases through conventional, 

metagenomics, and in-silico approaches. The identified novel phytases will then be further 

examined and modified through rational engineering techniques to gain a better understanding as 

well as improve their stability. 
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Chapter 2: Review of literature 

Looking at the worldwide demand for phytases in various industries and their limitations due to 

their biochemical properties, there is a need to search for novel phytases as well as improve their 

features (Mrudula Vasudevan et al. 2019) (Abdollahi, Ravindran, and Svihus 2013). 

2.1 Bioprospecting of novel phytases 

Researchers have adopted different methods to explore novel phytases. These methods included 

the use of natural sources (conventional), existing databases (in-silico bioprospecting), and 

metagenomics methods.  

2.1.1 Conventional bioprospecting of phytases 

A few studies that adopted conventional methods to explore phytases are highlighted here: Kumar 

et.al. isolated phytase producers from an environmental sample i.e., Himalayan soils, and 

identified them as Acromobacter sp. PB-01, Tetra- thiobacter sp. PB-03 and Bacillus sp. PB-13. 

They helped in the growth and phosphorous uptake of Brassica juncea (Vinod Kumar et al. 2013). 

Puppala et.al. characterized a novel acidic and thermostable phytase isolated from Streptomyces 

sp. (NCIM 5533) from Sanjivani islands Maharashtra, India. It also acts as a plant growth-

promoting bacteria which was evident as it supports the growth of Solanum lycopersicum (Puppala 

et al. 2019). Amritha and Venkateswaran reported a phytase from Lactobacillus plantarum MTCC 

1325 that can degrade phytate from sorghum. It also tolerates acid, bile and retains activity after 

exposure to a simulated gastrointestinal fluid environment (Amritha and Venkateswaran 2017). 

Mandviwala and Khire isolated thermostable phytase from A.niger NICM 564 (optimum activity 

at 50˚C, optimum pH 5) (Mandviwala and Khire 2000). Sajidan et.al. explored soil samples of 

volcanic areas in Central Java for phytase producers. These phytases were found to belong to the 

Bacillus genus (B. cereus, B. aryabhattai, B. psychrotolerans) with varied ranges of optimum 

temperature (50- 60˚C) (Sajidan et al. 2015).  

In general, the conventional bioprospecting approach favors the cultivation of microbes that can 

be grown in the laboratory. These microbial techniques are tailored to accommodate only a small 

portion of the microbial community found in natural resources. Merely 1% of the soil microbial 

community can be cultured, leaving the remaining 99% unexplored (A. Kamble, Srinivasan, and 
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Singh 2019a) (A. D. Kamble and Singh 2022). To overcome the limitations of conventional 

methods, a metagenomic approach has been adopted by a few researchers to find novel phytases.    

2.1.2 Bioprospecting of phytase through functional metagenomic approach:  

Farias et.al. constructed a metagenomic library using DNA extracted from red rice crop residues 

mixed with castor bean cake. They employed a functional approach to screen for new phytase 

enzymes. One of the clones obtained from this library, called PhyRC001, displayed phytase 

activity. Through biochemical characterization, it was found that PhyRC001 exhibited optimal 

phytase activity at a pH of 7 and a temperature of 35˚C (Farias, Almeida, and Meneses 2018). 

Functional metagenomics played a crucial role in investigating the unexplored range of genes 

associated with the Phosphorus cycle, as well as identifying phytase activity in environmental 

samples (Castillo Villamizar et al. 2019). Tan et al. employed a functional metagenomics technique 

to discover and utilize two new types of phytases that demonstrated the ability to break down 

phytate effectively at neutral pH levels (Tan, Mooij, and , Matthieu Barret , Pardraig M. Hegarty , 

Catriona Harrington , Alan D.W. Dobson 2014). 

To successfully employ the metagenomics approach, it is crucial to have well-optimized protocols 

at every step, starting from the isolation of total DNA to library construction. These optimized 

protocols enable the screening of positive clones that possess the desired property (A. Kamble, 

Srinivasan, and Singh 2019a) (A. D. Kamble and Singh 2022). In-silico bioprospecting method 

helped to overcome the limitations of conventional and metagenomics approaches.  

2.1.3 In-silico bioprospecting of novel phytases: 

 Database mining can also help to discover novel phytases e.g., Tan et.al. explored IMG/M 

database and discovered 11 putative HAP phytase genes from 18 publicly available 

metagenomes of fungus gardens. Among these rPhyXT52 phytase exhibited the highest activity 

at 52.5 °C (Tan, Wu, et al. 2016b). In another study, Tan et.al. used metagenomic datasets of an 

acidic peat-soil microbiome in northeastern Bavaria, Germany by using Pfam00328 (Pfam 

identifier) to explore novel phytases (Tan, Wu, et al. 2016a). 

2.2 Protein engineering approach:  

Researchers all over the world have been focusing on different aspects to increase thermostability 

via protein engineering approach (directed or rational engineering) and computational analysis via 
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software and tools. The directed evolution approach is time-consuming and requires an extensive 

screening process. Shivange et al. focus on the reduction of flexibility to enhance thermostability 

via the adopted KeySIDE approach to improve the thermostability of Yersinia mollaretii phytase 

(Ymphytase) which involved a combination of investigating iterative key residues of the wild type 

and identifying substitutions using directed evolution method. M6 mutant (T77K, Q154H, G187S, 

and K289Q) improved the residual activity at 58 °C by more than double as compared to the wild 

type. The mutations T77K, G187S, and K289E/Q reduced the flexibility of the loops near helices 

which overall increased thermostability (Shivange, Roccatano, and Schwaneberg 2016). 

Researchers also adopt a rational engineering approach to improve thermostability e.g., Fei et.al. 

focused on protein flexibility as well as protein surface analysis and enhancement of salt bridges 

as a strategy for rational engineering of Escherichia coli AppA phytase. They analyzed protein 

flexibility with the help of a root mean square deviation (RMSF) graph obtained via Molecular 

Dynamic (MD) simulation. Surface thermal unstable residues were targeted based on their RMSF 

values which were above 2 A˚ and above 4 A˚ away from the AppA functional sites. They 

demonstrated that the salt bridges and the α/β- domain of E. coli phytase are of utmost importance 

(Fei et al. 2013)  (Fei, Xu, Cao, et al. 2013). Han et.al. adopted a consensus sequence rational 

protein engineering approach to engineer A.niger  phytase (Anp) by structural comparison with 

A.fumigatus phytase (Afp) structure with the help of molecular dynamics simulation. In AnP, the 

segments A35-P42, R163-Q168, and T248-K254 exhibited the highest main chain deviation. 

Hence these were targets for engineering. By hydrogen bond analysis of mutant candidate, it was 

found that S39 and S42 in segment-1, T165, N166, and R167 in segment-2, R248, D251, A252, 

and Q254 in segment-3 have the greatest contribution to the enhanced thermostability (Han et al. 

2018). 

To get an insight into the structure of phytases, some researchers utilize computational tools such 

as Pramanik et.al. uses computational tools to characterize Enterobacter phytases which were 

predicted to be thermostable based on its aliphatic indices, acidic as the isoelectric point was below 

7, interaction with water based on lower values of GRAVY, the highest content of alpha-helical 

compared to other forms, function as histidine acid phosphatases and has conserved residues ‘DG–

DP–LG’ (Pramanik et al. 2018). Similarly, V.Kumar et.al. characterized Histdine acid phytase 

sequences using computational tools and revealed the motifs that are found in obtained clusters 
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i.e., clusters 1 (PhyA) and 2 (PhyB) has Motif 1 

“SPFCDLFTHEEWIQYDYLQSLGKYYGYGAGNPLGPAQGIGF” and Cluster 3 (AppA) 

contains motif 9 “KKGCPQSGQVAIIADVDERTRKTGEAFAAGLAPDCAITV- 

HTQADTSSPDP”. This information can help to study the evolution of HAP phytase and the 

engineering of phytases for improving their features based on clustering (Vinod Kumar et al. 2012). 

Kumar et.al. studied the conformational dynamics of A. niger PhyA PDB ID: 3K4Q to detect 

thermo-sensitive regions as well as to study the effect of salt bridges on protein stability via MD 

simulation. As the temperature increases in a simulation study from 310K to 500K, there are 

changes at the structural level such as decreased main chain to main chain hydrogen bonds, 

increased solvent-accessible surface area, increased fluctuations of loops, increased rigidity of the 

catalytic site (K. Kumar et al. 2013). 
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Chapter 3: Lacunae, Rationale, Aim and Objectives 

3.1 Lacunae/ Rationale:  

Phytase hydrolyzes its substrate phytate. Phytate is a major source of phosphate in cereals and 

legumes and is indigestible in monogastric animals due to very limited phytase activity in the 

digestive tract. Hence exhibits potential to cause environmental pollution. Phytate also exhibits 

anti-nutritional properties by chelating micronutrients such as Ca2+, Fe2+, and Zn2+, by forming 

complexes such as protein-phytate, starch-phytate, and lipid-phytate and reduces bioavailability 

which overall decreases the nutritional value of feed (Luo et al. 2009) (Kalsi et al. 2016) (Jaiwal 

et al. 2019) (Brinch-Pedersen et al. 2014). Hence, phytase is used as a feed additive in the feed 

industry to hydrolyze phytate to lower myoinositol derivatives and release phosphate. Thereby 

reducing the supplementation of inorganic phosphate in feed (which is obtained from non-

renewable resources and accounts for 9% of the average feed cost), reducing the cost of feed which 

accounts for 60-70% of the total cost in livestock farming as well as aid in natural resource 

management. It also increases the bioavailability of micronutrients which help to maintain the high 

nutritional standard of feed and reduce environmental pollution by reducing eutrophication and 

deposition of low phytate content manure in soil (Jaiwal et al. 2019) (Brinch-Pedersen et al. 2014) 

(Cang et al. 2004) (Industrial Enzymes Market - Global Forecast by 2022 2017).  

In addition to its wide application in the feed industry, phytases are also used as a bread-making 

additive (Rao et al. 2009). In the bread-making industry, it helped to reduce the fermentation time 

and improve bread texture (Rao et al. 2009). Phytase has been employed in aquaculture to counter 

the negative effects of phytate present in fish feed. By using phytase, the detrimental impact of 

phytate can be reduced. The application of phytase in aquaculture has yielded several benefits, 

including enhanced fish growth and improved bone mineralization due to increased bioavailability 

of minerals. Additionally, phytase has been shown to enhance protein digestibility and decrease 

the overall phosphorus burden in the aquatic environment (Rao et al. 2009). Microbial phytase 

genes introduced into transgenic plants enable the hydrolysis of phytate, leading to improved 

utilization of phosphate. These plants can be directly used as animal feed thereby reducing the cost 

of commercial phytase production (Rao et al. 2009). Similarly, the expression of microbial phytase 

genes in transgenic animals can eliminate the phosphorous pollution caused by animal agriculture 

(Rao et al. 2009). Microbial phytases are also utilized in soil amendment, leading to improvements 



8 
 

in soil quality and enhancing the growth and quality of plants (Rao et al. 2009). Besides that, 

phytases are used to synthesize lower myoinositol phosphates by enzymatic method. Enzymatic 

methods are environmentally friendly as compared to that of chemical synthesis methods. These 

inositol phosphate derivatives can be used as enzyme stabilizers, enzyme substrates, or inhibitors 

of enzymes (Rao et al. 2009) (Kaur, Vohra, and Satyanarayana 2021). It is also proposed to apply 

it as a painkiller and act as an inhibitor against retroviral infections including HIV. Hence, inositol 

phosphates that can be synthesized by using phytases, have potential therapeutic applications 

(Kaur, Vohra, and Satyanarayana 2021). Hence, in recent years, the use of phytase has extended 

beyond the feed-food industry and has found applications in various other fields. These include 

nutraceuticals, soil amendments, and the production of myoinositol phosphates. Commercial 

phytases like Natuphos® or Allzyme find extensive use in the feed industry, but their production 

is expensive, which ultimately restricts their application as feed additives (Vohra, and 

Satyanarayana 2021). Furthermore, apart from the aforementioned constraints, the production 

industry of inositol phosphates also requires new phytases that possess the capability to achieve 

stereospecificity, ensuring precise configuration. This is crucial to offer a sustainable alternative 

to the chemical synthesis process. Phytase applications are also limited in soil amendment due to 

several factors, including the soil environment (such as pH, temperature, and presence of cations), 

the presence of inhibitors, and the decreased availability of phytate because it binds tightly to soil 

components.  

To address these challenges, we aim to obtain novel phytases through different approaches such as 

conventional, metagenomics, and in-silico bioprospecting and further improve its features via a 

protein engineering approach. 
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3.2 Aim and Objectives 

3.2.1 Aim: 

Aim: To obtain a novel phytase enzyme using a bioprospecting and protein engineering approach. 

 3.2.2 Objectives 

➢ Isolation and screening of phytase-producing microbes from natural sources or In-silico 

Bioprospecting. 

➢ In-silico characterization and experimental validation of shortlisted phytase. 

➢ In-silico hotspot identification and experimental validation of shortlisted phytase. 

 

  



10 
 

Chapter 4: Isolation and screening of phytase-producing microbes 

from natural sources or in-silico bioprospecting. 

This chapter delves into the exploration of new phytases through three distinct approaches: 

conventional, metagenomics, and in-silico. The conventional approach involved the isolation and 

screening of phytase-producing microorganisms from different soil samples. The metagenomics 

approach employed 16S rRNA gene sequencing of total soil DNA to investigate the overall 

microbial diversity and identify phytase-producing microorganisms. In the in-silico bioprospecting 

approach, researchers utilized various databases to screen microorganisms capable of producing 

phytase.  

4.1 Conventional approach:  

This approach aims to identify and isolate phytase-producing microbes from different soil samples 

(Nagar, Kamble, and Singh 2021). Soil samples were collected from different regions of 

Maharashtra and Gujarat. Soil samples were enriched in phytase screening broth (PSB) and plated 

on phytase screening agar plates (PSA). The potential isolates exhibited the zone of hydrolysis on 

PSA which indicated the release of phytase and the subsequent degradation of phytate present in 

the agar. The potential soil isolates named FD2, FD5T, and FD5O were screened from forest soil 

whereas VD5, CD5, and PSD were obtained from vegetation, cotton, and pig stag soil sample 

respectively. The above-maintained isolates and E. coli culture were tested for phytase using 

qualitative assays. The isolates were further identified by 16S rRNA gene amplification and 

sequencing. The analysis revealed that isolates VD5 and CD5 were closely related to Enterobacter 

cloacae, and FD5T was closely related to Paenibacillus sp. Whereas FD5O and FD2 were closely 

related to Bacillus megaterium, and PSD was closely related to Klebsiella.  The phytase activity 

was estimated using the modified Heinonen method. In brief, the reaction mixture consisted of 

crude extract and substrate sodium phytate. The phytase activity of isolates was estimated at pH 

2.5, and 5 at 37˚C for 30min. The phytase activity was measured using KH2PO4 (0.1 mM to 2 mM) 

as a standard.   The phytase activity assay revealed that PSD, CD5, FD5O, FD2 VD5, and FD5T 

had higher activity at pH 5 as compared to pH 2.5.  

PSD was shortlisted based on preliminary screening of phytase-producing microbes from the soil 

via qualitative (phytase plate assay) and quantitative (phytase activity assay) methods. The full-

length 16S rRNA gene of PSD was amplified and sequenced which revealed its closest 
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evolutionary relation with Klebsiella variicola. The phytase gene from PSD was amplified and 

sequenced. The presence of an N-terminal conserved region (RHGIRPP) in the sequence indicated 

that it belongs to the Histidine acid phytase group.  

4.2 Metagenomics approach 

First, the soil bacterial genomic DNA extraction method was optimized from different methods 

reported in the literature. The 16S rRNA gene metagenomic analysis of pig stag soil DNA 

sequencing was performed, and the study identified the distribution of bacterial families and 

genera, highlighting the Xanthomonadaceae family as a potential target for further investigation 

of phytase activity. 

4.3 In-silico bioprospecting approach 

In-silico bioprospecting approach involved three major steps: exploring the database, removing 

redundancy, and phylogenetic analysis. Databases such as NCBI, Scan-Prosite, UniProtKB, 

Conserved Domain database, HMMER, and JGI-metagenome were explored to identify potential 

phytase producers. The redundancy was removed using CD-Hit and MEGA7 software was used 

to construct a neighbor-joining phylogenetic tree using 1000 bootstrap, and Poison method. The 

reference of each tool mentioned above is listed below in the “Databases/tool/software Reference” 

section. 

In-silico bioprospecting methods helped to obtain a total of 17 different potential phytase-

producing genera from different databases. Out of these 17, two candidates i.e., Pantoea vagans 

(PV) and Edwardsiella tarda (ET) phytases were further studied computationally as well as 

characterized experimentally.  
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Chapter 5: In-silico characterization and experimental validation of 

shortlisted phytase 

5.1 In-silico characterization of PV and ET 

This consisted of primary, secondary, and tertiary structure analysis and validation and functional 

analysis of PV and ET.  This also includes molecular docking and molecular dynamics simulation 

studies to understand the dynamics of PV and ET at different temperatures such as 300,350,400, 

and 450K for 30ns. The analysis helped to understand these two novel phytases i.e., ET and PV, 

and shortlist one for rational engineering to improve its stability.  

Primary sequence analysis, using the Protparam tool and Interproscan database revealed that PV 

and ET phytase belong to the Histidine phosphatase superfamily and possess Histidine acid 

phosphatase phosphohistidine signature. They were mildly acidic based on pI calculation. PV was 

more thermostable as compared to ET and references i.e., Klebsiella pneumoniae phytase (KP) 

and Hafnia alvei phytase (HA) based on aliphatic index. PV and ET both had better interaction 

with the surrounding aqueous environment based on the GRAVY index.  The secondary structure 

of PV and ET, predicted by using Psipred, YASARA, PDBSum, Porter, SOPMA, and Proteus2 

showed that PV and ET consisted of a higher percentage of helices compared to its other secondary 

structural elements. Similar observations were found in the case of their respective reference 

sequences i.e., KP and HA phytases. Tertiary structure modeling of PV and ET, using FunFold, 

Hhpred, Intfold, Orion, Phyre, Swiss model, tr-Rosetta, Topmodel, and ITASSER and validated by 

the EXPASY web portal. The PV and ET structures modeled using various tools exhibited a range 

of 87.28 to 99.1% and 74.7 to 94.4% of amino acid residues within the allowed regions in the 

Ramachandran plot respectively.  According to the Ramachandran plot, the % of residues in the 

allowed regions in the case of model structures PV and ET via SWISS-MODEL were 96.41 and 

92.5% respectively and that of KP and HA were 98.74% and 96.83% respectively. This indicated 

that the structure was reliable as the % of residues in the allowed regions of PV and ET were 

similar to their references i.e., KP and HA phytases respectively. It also indicated that the PV 

structure was more reliable as compared to the ET structure. The reference of each tool mentioned 

above is listed below in the “Databases/tool/software Reference” section. 
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Molecular Docking and Molecular Dynamics Simulation:  

Molecular docking was conducted using Autodock 4 (Trott and Olson 2009) to investigate the 

binding of phytate to the catalytic pocket of ET and PV. The calculated binding affinity of PV and 

ET was -9.1 and -7.7 kcal/mol respectively. The Functional analysis and Molecular docking studies 

revealed that conserved C-terminal and N-terminal residues, along with other residues interacted 

with phytate, indicating stable and favorable interactions. The docked structures were subjected to 

molecular dynamics simulation studies at different temperatures (300 to 450 K) using GROMACS 

software to understand the stability of PV and ET. The analysis includes Root Mean Square 

Deviation (RMSD), Root Mean Square Fluctuation (RMSF), Solvent Accessible Surface Area 

(SASA), and Radius of Gyration (Rg). RMSD analysis revealed that the overall conformational 

changes in PV were less than that of ET. This indicated that PV was more stable than ET. The 

average backbone RMSF of PV was less compared to ET which suggested that PV was more stable 

than ET at higher temperatures, especially at 400 and 450K. The average backbone Rg of PV was 

less than that of ET which indicated that the structure of PV is stable at all temperatures as 

compared to ET. The average SASA of PV structure was less than that of ET which indicated less 

conformational changes in PV compared to ET. This suggested that PV was more stable than ET.  

5.2 Experimental validation:  

This study focused on cloning and over-expression of phytase genes from P.vagans and E. tarda. 

The full-length phytase gene from both P.vagans and E. tarda was then cloned in pET29-b and 

over-expressed in E. coli BL21. PV phytase (approximately 46kDa) was found to be overexpressed 

in the E. coli BL21(DE3) host system. However, ET phytase failed to over-express. The purified 

phytase of PV was then subjected to biochemical characterization i.e., pH and temperature optima. 

The optimum temperature of PV phytase was found to be 40˚C. The optimum pH of PV phytase 

was found to be 4. The secondary structure analysis using Circular Dichroism (CD) suggested a 

folded structure of PV phytase.  
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Chapter 6: In-silico identification of Hotspot to design thermostable 

PV phytase and experimental validation.  

6.1 Identification of hotspot in PV phytase: 

This study aimed to investigate and identify regions or specific amino acid residues in PV phytase 

that contribute to its thermo-sensitivity. Identification of thermo-liable regions/residues was 

performed using various computational tools such as Disulfide by Design (Craig and Dombkowski 

2013), Consensus sequence finder (Hua et al. 2020), Consurf (Celniker et al. 2013), consensus 

analysis with known phytases, literature (C. C. Chen and Tw 2018) (Wang et al. 2015), Hotspot 

wizard (Bendl et al. 2016), Fireprot (Musil et al. 2017), Cabsflex (Jamroz, Kolinski, and Kmiecik 

2013) and FoldX (Schymkowitz et al. 2005). Subsequently, computational methods were 

employed to suggest amino acid substitutions that could enhance stability. Each method utilized 

specific criteria and filters to generate a list of shortlisted mutants based on their calculated ∆G 

values. 

6.2 Experimental validation:  

Experimental validation focused on understanding the stability of wildtype (WT) and mutant (M1 

and M2) phytases via over-expression in the E.coli BL21(DE3) host system, followed by 

biochemical and biophysical characterization. 

6.2.1 Over-expression and purification of wildtype (WT) and mutant (M1 and M2) 

phytases:  

In this study, wild-type and mutant genes were synthesized. These genes were codon optimized 

and cloned into to pET29-b vector. The recombinant constructs were then transformed separately 

into to E.coli BL21(DE3) host system and induced with IPTG (1mM) at 30˚C overnight. Both WT 

and M2 over-expressed successfully, whereas M1 didn’t express and was found to be unstable. 

The WT and M2 phytase proteins were purified using His60Ni SuperFlow resin. The purified 

phytases were also confirmed by Western blot technique via anti-His antibody. 
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6.2.2 WT and M2 phytase characterization:  

Biochemical characterization of purified WT and M2 was performed which included the effect 

of substrate concentration, pH, and temperature. The optimum pH of WT and M2 was found to be 

pH 4. The optimum temperature of WT was 45˚C, whereas that of M2 was 50˚C. Hence, a 5˚C 

shift in temperature optima was observed. The substrate affinity of WT was slightly more than M2.  

Biophysical characterization: It involved the use of Circular Dichroism, Isothermal Titration 

Calorimetry (ITC), and differential scanning fluorimetry (DSF) methods to gain insights into 

folding (secondary structure analysis), affinity (Kd) and stability (Tm) of PV phytase. ITC data 

revealed that the binding affinity of WT was similar to M2. CD data revealed that both WT and 

M2 were properly folded. DSF data revealed that Tm of WT and M2 was found to be 58 and 60˚C 

respectively. This change in Tm indicated that M2 was more stable than WT.  
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Chapter 7: Discussion 

Exploring the immense microbial diversity in natural environments like soil offers the potential to 

discover novel enzymes, including phytase (Suleimanova et al. 2015) (Sajidan et al. 2004). Each 

gram of soil contains an extensive variety of bacterial and archaeal species, ranging from 100,000 

to 1,000,000 (Satyanarayana, Krishna, and Kumar 2017). In this study, various soil samples from 

different regions of Maharashtra and Gujarat were explored to obtain novel phytase producers 

(Nagar, Kamble, and Singh 2021). Both qualitative plate assay and quantitative assay to isolate 

and screen six potential phytase producers i.e., FD5T, FD5O, FD2 from forest soil, VD5 from 

vegetation soil, CD5 from cotton field, and PSD from pigstag soil. These shortlisted soil isolates 

were identified via 16S rRNA gene sequencing. This analysis identified Enterobacter cloacae 

(VD5 and CD5), Paenibacillus sp. (FD5T), Bacillus megaterium (FD5O and FD2), Klebsiella 

variicola (PSD). Previous reports have indicated that Enterobacter (Kalsi et al. 2016) and 

Klebsiella sp. ASR1 (Sajidan et al. 2004) isolated from soil exhibit maximum activity at pH 7 and 

5 respectively which supports our results. The sequencing analysis confirmed that PSD belongs to 

the HAP group, as indicated by the presence of the N-terminal conserved region RHGXRXP in its 

sequence. Moreover, the isolated PSD demonstrated promising potential for further exploration in 

industrial applications. Therefore, the conventional approach adopted in this presents a mini-scale 

alternative for identifying bacterial phytase producers (Nagar, Kamble, and Singh 2021). 

The conventional approach can only be utilized to investigate the cultivable microbial population. 

Only 1% of the microbial communities can be cultured in laboratory conditions while 99% are still 

unexplored because they are non-culturable (Robe et al. 2003) (Faria Fatima, Chaudhary Ira, Ali 

Jasarat, Rastogi Smita 2011) (Kamble Asmita and Singh Harinder 2020). To overcome these 

limitations, the 16S ribosomal RNA (16S rRNA) gene metagenomics approach can be used to 

explore the non-cultural microbial community present in soil samples (Muwawa et al. 2021). In 

this study, a metagenomic approach was used to study microbial diversity in the pig stag soil 

sample. Due to its high phytate content, the soil sample obtained from a pig enclosure had the 

potential to support the growth of phytase-producing microorganisms. (Menezes-Blackburn et al. 

2013). The 16S rRNA gene Metagenomic approach was taken that involved the isolation of total 

soil genomic DNA from Pig stag soil (Kamble Asmita and Singh Harinder 2020), followed by 16S 

rRNA gene metagenomic sequencing. The analysis was performed using the QIIME2 platform (A. 
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Kamble, Sawant, and Singh 2020). The result indicated Xanthomonadaceae family holds potential 

for further investigation (DiFonzo and Bordia 2003). Xanthomonas phytase can be further explored 

by designing full-length degenerative phytase gene primers to amplify the phytase gene, cloning 

and over-expressing it in an appropriate host system, and ultimately characterizing the purified 

phytase.  

In-silico bioprospecting, a computational approach, is a straightforward and efficient method to 

discover new candidates from existing databases (Voß, Heck, and Schallmey 2020). It allows us 

to overcome the limitations of traditional approaches. The advent of sequencing technology has 

dramatically increased the number of sequences available in databases (Stewart 2012), thereby 

expanding the pool of enzyme diversity (Stewart 2012). In-silico bioprospecting takes advantage 

of this diversity by employing the following steps: exploration of databases to find novel 

candidates, followed by screening, analysis, and shortlisting of these candidates using 

bioinformatics tools (A. D. Kamble and Singh 2022).  The exploration of the database can be based 

on homology, conserved domain, keyword search, and consensus-guided (A. Kamble, Srinivasan, 

and Singh 2019b). In the present study, different databases were explored such as NCBI, Scan-

Prosite, UniProtKB, Conserved Domain database, HMMER, and JGI-metagenome based on 

homology, keyword search, conserved motif/domain, and consensus guided. The focus was to 

explore novel phytases that were 50-80% identical to experimentally well-characterized phytases. 

The steps involved were exploring databases, followed by removing redundancy and studying its 

evolutionary relationship by constructing a phylogenetic neighbor-joining tree. Finally, we 

obtained 17 different genera as potential phytase producers.  

To summarize, the utilization of three different approaches - conventional, metagenomics, and in-

silico bioprospecting - enabled the identification and screening of new phytases. Each method 

yielded distinct phytase producers, and the combination of all three approaches expanded the 

potential for discovering additional novel phytases. In this study, Pantoea vagans (PV) and 

Edwardsiella tarda (ET) phytases were shortlisted for in-silico characterization and experimental 

validation.  

In-silico characterization of novel enzymes helped to gain information about their primary 

sequence, secondary structure, and tertiary structure along with the functional, evolutionary 

relationship with the experimentally proven homologs, and dynamics studies via molecular 
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dynamic simulations. In the present study, in-silico characterization of PV and ET phytases was 

conducted to gain insights into the overall structural, functional, and dynamic behavior. The 

primary sequence analysis suggested that PV and ET both belonged to the histidine acid 

phosphatase superfamily. The closest homolog of PV and ET was KP and HA respectively. The 

known experimentally validated phytases such as Klebsiella (Böhm et al. 2010), Hafnia (Ariza et 

al. 2013), E.coli (Lim et al. 2000) and many others also belong to the same superfamily. The overall 

primary sequence analysis also suggested that PV was thermostable and exhibited better 

interaction with the surrounding solvent compared to ET. The secondary and tertiary structure 

analysis revealed that the structure and topology of ET and PV matched with known structures. 

Examination of the catalytic sites in PV and ET phytases revealed the presence of conserved 

regions, namely RHGXRXP at the N-terminal and HD at the C-terminal, which resemble the 

corresponding regions in Klebsiella (Böhm et al. 2010) and Hafnia (Ariza et al. 2013). These 

findings strongly suggest that PV and ET can degrade phytate, similar to the experimentally 

characterized phytases of Klebsiella (Böhm et al. 2010) and Hafnia (Ariza et al. 2013). The 

validation results revealed that the PV structure was more stable and reliable as compared to that 

of ET.  

Molecular dynamic simulation of protein helps to understand the conformational dynamics of 

protein. In the present study, molecular dynamic simulation was conducted to understand the 

conformational dynamics of PV and ET phytases at different temperatures (300 to 400K for 30ns). 

The MDS analysis, especially the average RMSF, Rg, and SASA, revealed that PV was stable as 

compared to ET. Overall, the computational analysis provides valuable insights into the structural 

characteristics and dynamics of PV and ET phytases, highlighting PV's stability compared to ET. 

Experimental validation along with in-silico characterization enables researchers to acquire a more 

comprehensive understanding of enzyme characteristics. In this study, experimental validation of 

both PV and ET phytases was conducted to shortlist one candidate (either PV or ET) based on the 

results. The full-length phytase genes of PV and ET were approximately 1.3 and 1.4kbp size, 

comparable to known phytase genes (Ariza et al. 2013) (Abeldenov et al. 2017) (Sajidan et al. 

2004). The full-length PV and ET phytase genes were cloned in the pET29-b vector and over-

expressed in E. coli BL21(DE3). PV phytase was found to be produced in large quantities, whereas 

Et was not stable and didn’t express. The size of PV phytase was found to be approximately 46kDa 
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which was comparable to its closet homolog Klebsiella phytase (Sajidan et al. 2004) (Böhm et al. 

2010). The size of the PV phytase was also confirmed via HR-LC-MS. The purified phytase was 

biochemically characterized. The optimum pH of PV phytase was found to be 4 and optimum 

temperature 40˚C which was similar to Klebsiella phytase (optimum pH 5 and optimum 

temperature 45˚C). In summary, in-silico characterization and experimental validation resulted in 

the selection of PV phytase for rational engineering. 

The protein engineering approach (rational/semi-rational/directed evolution) can be employed to 

improve characteristics of enzymes such as thermostability, resistance to proteolytic degradation, 

or attaining broad-range pH stability. In-silico identification of hotspots by using different 

tools/servers/ software was adopted to improve a number of enzymes such as lipase  (G. Li et al. 

2018), phospholipase D (L. Li et al. 2022), and phytases (Tan, Miao, et al. 2016)  (Xi Wang & Jun 

Du & Zhi-yun Zhang & Yue-jun Fu & Wen-ming Wang & Ai-Hua Liang 2018). In the present study, Hotspots 

or thermo-liable regions/ residues were identified by using computational tools/servers/ software 

such as Disulfide by Design2, Consensus Finder, Consurf, Hotspot Wizard, Fireprot, CABSFLEX, 

and based on literature. We also employed a combination of these methods to generate a 

comprehensive list of potential hotspots.  To further refine the selection, the hotspots identified 

were evaluated based on the ∆G (change in free energy) values calculated using FoldX software. 

The ∆G values of the mutant variants were expected to be lower than those of the wild-type (WT) 

enzyme, indicating improved stability.  A thorough analysis yielded a list of potential mutants. Two 

of these mutants i.e., M1 (E85W/T97C/L178Y/N212C/R350N) and M2 (A163C, Y271C) were 

further experimentally verified. WT and M2 were over-expressed in the E.coli BL21(D3) host 

system, whereas M1 was unstable and did not show expression. The biochemical characterization 

showed the optimum pH of M2 and WT as 4, which was like its closest homolog Klebsiella 

(Sajidan et al. 2004) (Böhm et al. 2010). The optimum temperatures of WT and M2 were 45˚C and 

50˚C respectively. Hence, there was a 5˚C temperature shift which signifies that M2 was stable 

compared to that of WT and Klebsiella phytase (Sajidan et al. 2004) (Böhm et al. 2010). The effect 

of substrate concentration analysis revealed that Km of WT and M2 were 0.24 and 0.33mM 

respectively which were comparable to Klebsiella phytase (Greiner et al. 1997). The Biophysical 

characterization was performed by using CD, ITC, and DSF. The results revealed that WT and M2 

were properly folded and binding affinity was not affected due to the introduction of mutation. The 



20 
 

Tm of WT was found to be 58˚C while the Tm of M2 was 60˚C. Hence, M2 was more stable than 

WT.   
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Chapter 8: Summary and Conclusion:  

In this present study, three different approaches were used to identify potential phytase producers: 

conventional, metagenomics, and In-silico bioprospecting. A total number of 17 different genera 

were identified, including Pantoea vagans(PV) and Edwardsiella tarda (ET). The phytases from 

PV and ET were further studied computationally and experimentally. Hence, the combination of 

these three approaches resulted in identifying a wide range of potential phytase producers.   

Both in-silico characterization and experimental validation indicated that PV phytase exhibited 

greater stability than ET, making it the preferred candidate for further optimization using rational 

engineering techniques. Various computational techniques were used to identify potential 

mutations in PV phytase that could improve its stability. This study is notable for its unique 

methodology, which involved employing a wide array of computational tools, servers, and 

software to produce a comprehensive analysis and generate an extensive list of potential mutant 

enzymes. The two mutations were further checked experimentally. Based on the experimental 

validation results, it was determined that M2 was more stable than WT in terms of Tm values.  
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Chapter 9: Significance of the study: 

The significance of this study lies in its exploration of different approaches to identify potential 

phytase producers. By employing conventional, metagenomic, and in-silico bioprospecting 

methods, we were able to identify a wide range of potential phytase producers. This approach 

allowed for the identification of microbes in soil that produce effective phytase, providing an 

alternative, smaller-scale method. In addition to the above points, this study stands out due to its 

distinctive approach, utilizing a diverse range of computational tools, servers, and software to 

conduct a thorough analysis and create a vast list of potential mutant enzymes.  

Overall, this study contributes to the understanding of potential phytase producers, explores 

different approaches for their identification, and provides insights into the stability and potential 

improvements of these enzymes through computational and experimental approaches. The study 

has obtained novel active and stable phytase enzyme candidates that have wide applications in the 

soil amendment process, feed and food industry, aquaculture, myo-inositol phosphate production, 

and bioethanol production. 

 

  



23 
 

Publications and Presentations: 

Research/Review paper: 

1. Kamble, A., Srinivasan, S. and Singh, H. (2019) ‘In-Silico Bioprospecting: Finding Better 

Enzymes’, Molecular Biotechnology, 61(1), pp. 53–59. (Impact factor: 2.860) 

2. Kamble, A., Sawant, S. and Singh, H. (2020) ‘16S Ribosomal RNA Gene-Based 

Metagenomics : A Review’, BMRJ, pp. 5–11.  

3. Kamble A and Singh H (2020) ‘Different Methods of Soil DNA Extraction’, Bio-protocol, 

e3521, pp. 1–23. (Web of Science: Emerging Sources Citation Index (ESCI) indexes). 

4. Nagar, A., Kamble, A. and Singh, H. (2021) ‘Preliminary screening, isolation and 

identification of microbial phytase producers from soil’, Environmental and Experimental 

Biology, 19, pp. 11–22. (Additional Web of Science Indexes). 

Book Chapter:  

• Kamble, A.D. and Singh, H. Ch26 - Finding novel enzymes by in silico bioprospecting 

approach. Ed(s): M Kuddus, CN Aguilar. In: Value-Addition in Food Products and 

Processing Through Enzyme Technology, Academic Press, 2022, Pages 347-364, ISBN 

9780323899291, 

Conferences and poster presentations 

• International conference: Advances in Materials Science & Applied Biology (AMSAB) 

held on 8th – 10th January, 2019 at NMIMS University.  Title of the Poster presented in 

AMSAB : Computational analysis of putative phytase enzymes. 

Scholarship:   

• ‘Late Dr. Suresh Mahajan - IWSA Scholarship’ for the year 2022-2023. 

Grant  

• NMIMS seed grant: 2018 and 2020 

 

 

 



24 
 

Bibliography:  

Abdollahi, M. R., V. Ravindran, and B. Svihus. 2013. “Pelleting of Broiler Diets: An Overview with 

Emphasis on Pellet Quality and Nutritional Value.” Animal Feed Science and Technology 

179(1–4): 1–23. http://dx.doi.org/10.1016/j.anifeedsci.2012.10.011. 

Abeldenov, S et al. 2017. “Expression, Purification and Biochemical Characterization of 

Recombinant Phosphohydrolase Appa in Escherichia Coli.” Eurasian journal of applied 

biotechnology: 1–10. 

Amritha, Girish K, and G Venkateswaran. 2017. “Use of Lactobacilli in Cereal-Legume Fermentation 

and as Potential Probiotics towards Phytate Hydrolysis.” Probiotics & Antimicro. Prot. 

Ariza, Antonio et al. 2013. “Degradation of Phytate by the 6-Phytase from Hafnia Alvei: A Combined 

Structural and Solution Study.” PLoS ONE 8(5): e65062. 

Becker, Geoffrey S. 2008. Livestock Feed Costs: Concerns and Options. 

http://www.econ.iastate.edu/faculty/lawrence/Lawrence_Website/estreturns.htm]. (April 16, 

2021). 

Bendl, Jaroslav et al. 2016. “HotSpot Wizard 2.0: Automated Design of Site-Specific Mutations and 

Smart Libraries in Protein Engineering.” Nucleic Acids Research 44(1): W479–87. 

Bhavsar, K., and J. M. Khire. 2014. “Current Research and Future Perspectives of Phytase 

Bioprocessing.” RSC Advances 4(51): 26677. 

http://www.scopus.com/inward/record.url?eid=2-s2.0-84903589969&partnerID=tZOtx3y1. 

Böhm, Kerstin et al. 2010. “Crystal Structure of Klebsiella Sp. ASR1 Phytase Suggests Substrate 

Binding to a Preformed Active Site That Meets the Requirements of a Plant Rhizosphere 

Enzyme.” FEBS Journal 277(5): 1284–96. 

Brinch-Pedersen, Henrik, Claus Krogh Madsen, Inger Bæksted Holme, and Giuseppe Dionisio. 2014. 

“Increased Understanding of the Cereal Phytase Complement for Better Mineral Bio-

Availability and Resource Management.” Journal of Cereal Science 59(3): 373–81. 

Cang, Long, Yu-jun Wang, Dong-mei Zhou, and Yuan-hua Dong. 2004. “Heavy Metals Pollution in 

Poultry and Livestock Feeds and Manures under Intensive Farming in Jiangsu Province, China.” 

Journal of environmental sciences (China) 16(3): 371–74. 

Castillo Villamizar, Genis Andrés et al. 2019. “Functional Metagenomics Reveals an Overlooked 

Diversity and Novel Features of Soil-Derived Bacterial Phosphatases and Phytases.” mBio 

10(1): 1–15. 

Celniker, Gershon et al. 2013. “ConSurf: Using Evolutionary Data to Raise Testable Hypotheses 

about Protein Function.” Israel Journal of Chemistry 53(3–4): 199–206. 

Chen, Chun Chi, and Taipei Tw. 2018. “PHYTASE HAVING IMPROVED THERMOSTABILITY.” 2. 



25 
 

Chen, Weiwei et al. 2015. “Enhanced Activity of an Alkaline Phytase from Bacillus Subtilis 168 in 

Acidic and Neutral Environments by Directed Evolution.” Elsevier B.V. 

http://dx.doi.org/10.1016/j.bej.2015.02.021. 

Craig, Douglas B., and Alan A. Dombkowski. 2013. “Disulfide by Design 2.0: A Web-Based Tool for 

Disulfide Engineering in Proteins.” BMC Bioinformatics 14(1): 0–6. 

DiFonzo, Nicholas, and Prashant Bordia. 2003. “PhyA, a Secreated Protein of Xanthomonas Oryzae 

Pv. Oryzae, Is Required for Optimum Virulence and Growth on Phytic Acid as a Sole Phosphate 

Source.” Journal of Allergy and Clinical Immunology 16(11): 973–82. 

http://dx.doi.org/10.1016/j.jaci.2012.05.050. 

Faria Fatima, Chaudhary Ira, Ali Jasarat, Rastogi Smita, Pathak Neelam. 2011. “Microbial DNA 

Extraction from Soil by Different Methods and Its PCR Amplification.” Bichem.cell.Arch 11. 

Farias, Nathálya, Isabela Almeida, and Carlos Meneses. 2018. “New Bacterial Phytase through 

Metagenomic Prospection.” Molecules 23(2): 1–14. 

Fei, Baojin, Hui Xu, Yu Cao, et al. 2013. “A Multi-Factors Rational Design Strategy for Enhancing the 

Thermostability of Escherichia Coli AppA Phytase.” Journal of Industrial Microbiology and 

Biotechnology 40(5): 457–64. 

Fei, Baojin, Hui Xu, Feiwei Zhang, et al. 2013. “Relationship between Escherichia Coli AppA 

Phytase’s Thermostability and Salt Bridges.” Journal of Bioscience and Bioengineering 115(6): 

623–27. http://dx.doi.org/10.1016/j.jbiosc.2012.12.010. 

Finn, Robert D., Jody Clements, and Sean R. Eddy. 2011. “HMMER Web Server: Interactive 

Sequence Similarity Searching.” Nucleic Acids Research 39: 29–37. 

Goutami Banerjee, Khin Oo, XIyun Zhang, Jie Yang, Yingxin Zhang. 2017. “PHYTASES AND USES 

THEREOF.” 

Greiner, Ralf, Edith Haller, Ursula Konietzny, and Klaus-dieter Jany. 1997. “Purification and 

Characterization of a Phytase from Klebsiella Terrigena.” ARCHIVES OF BIOCHEMISTRY AND 

BIOPHYSICS 341(2): 201–6. 

Han, Nanyu et al. 2018. “Enhancing Thermal Tolerance of Aspergillus Niger PhyA Phytase Directed 

by Structural Comparison and Computational Simulation.” BMC Biotechnology 18(1): 1–8. 

Hua, Yujiao et al. 2020. “Improving the Thermostability of Glutamate Decarboxylase from 

Lactobacillus Brevis by Consensus Mutagenesis.” Applied Biochemistry and Biotechnology 

191(4): 1456–69. 

“Industrial Enzymes Market - Global Forecast by 2022.” 2017. 

https://www.marketsandmarkets.com/PressReleases/industrial-enzymes.asp. 

Jaiwal, Pawan Kumar, Anil K Chhillar, Darshna Chaudhary, and Ranjana Jaiwal. 2019. Nutritional 

Quality Improvement in Plants. 



26 
 

Jamroz, Michal, Andrzej Kolinski, and Sebastian Kmiecik. 2013. “CABS-Flex: Server for Fast 

Simulation of Protein Structure Fluctuations.” Nucleic acids research 41(Web Server issue): 

427–31. 

Kalsi, Harpreet Kaur, Rajveer Singh, Harcharan Singh Dhaliwal, and Vinod Kumar. 2016. “Phytases 

from Enterobacter and Serratia Species with Desirable Characteristics for Food and Feed 

Applications.” 3 Biotech 6(1): 1–13. 

Kamble, Asmita Deepak, and Harinder Singh. 2022. “Finding Novel Enzymes by in Silico 

Bioprospecting Approach.” In Value-Addition in Food Products and Processing Through 

Enzyme Technology, Academic Press, 347–64. 

Kamble, Asmita, Shriya Sawant, and Harinder Singh. 2020. “16S Ribosomal RNA Gene - Based 

Metagenomics : A Review.” Biomedical Research Journal 7(5): 5–11. 

Kamble Asmita, and Singh Harinder. 2020. “Different Methods of Soil DNA Extraction.” Bio-101 

e3521: 1–23. 

Kamble, Asmita, Sumana Srinivasan, and Harinder Singh. 2019a. “In-Silico Bioprospecting: Finding 

Better Enzymes.” Molecular Biotechnology 61(1): 53–59. http://dx.doi.org/10.1007/s12033-

018-0132-1. 

———. 2019b. “In-Silico Bioprospecting: Finding Better Enzymes.” Molecular Biotechnology 61(1): 

53–59. 

Kaur, Parvinder, Ashima Vohra, and Tulasi Satyanarayana. 2021. Encyclopedia of Mycology 

Multifarious Applications of Fungal Phytases. Elsevier Ltd. 

Kumar, Kapil, Mudit Dixit, Jm Khire, and Sourav Pal. 2013. “Atomistic Details of Effect of Disulfide 

Bond Reduction on Active Site of Phytase B from Aspergillus Niger: A MD Study.” 

Bioinformation 9(19): 963–67. 

http://www.ncbi.nlm.nih.gov/pubmed/24391358%5Cnhttp://www.pubmedcentral.nih.gov/ar

ticlerender.fcgi?artid=PMC3867648. 

Kumar, Kapil, Krunal Patel, D. C. Agrawal, and J. M. Khire. 2015. “Insights into the Unfolding 

Pathway and Identification of Thermally Sensitive Regions of Phytase from Aspergillus Niger 

by Molecular Dynamics Simulations.” Journal of Molecular Modeling 21(6). 

Kumar, Vikas, and Amit K. Sinha. 2018. Enzymes in Human and Animal Nutrition: Principles and 

Perspectives General Aspects of Phytases. Elsevier Inc. 

Kumar, Vinod et al. 2013. “Isolation of Phytase-Producing Bacteria from Himalayan Soils and Their 

Effect on Growth and Phosphorus Uptake of Indian Mustard (Brassica Juncea).” World Journal 

of Microbiology and Biotechnology 29(8): 1361–69. 

Kumar, Vinod, Gopal Singh, A. K. Verma, and Sanjeev Agrawal. 2012. “In Silico Characterization of 

Histidine Acid Phytase Sequences.” Enzyme Research. 

Li, Guanlin et al. 2018. “Identification of a Hot-Spot to Enhance: Candida Rugosa Lipase 

Thermostability by Rational Design Methods.” RSC Advances 8(4): 1948–57. 



27 
 

Li, Lilang et al. 2022. “Improving Both the Thermostability and Catalytic Efficiency of Phospholipase 

D from Moritella Sp. JT01 through Disulfide Bond Engineering Strategy.” International Journal 

of Molecular Sciences 23(19): 1–13. 

Lim, D, S Golovan, C W Forsberg, and Z Jia. 2000. “Crystal Structures of Escherichia Coli Phytase and 

Its Complex with Phytate.” Nature structural biology 7(2): 108–13. 

Luo, Huiying et al. 2009. “Novel Low-Temperature-Active Phytase from Erwinia Carotovora Var . 

Carotovota ACCC 10276.” J. Microbiol. Biotechnol. 19(10): 1085–91. 

Makolomakwa, Melvin, Adarsh Kumar Puri, Kugen Permaul, and Suren Singh. 2017. “Thermo-Acid-

Stable Phytase-Mediated Enhancement of Bioethanol Production Using Colocasia Esculenta.” 

Bioresource Technology 235: 396–404. http://dx.doi.org/10.1016/j.biortech.2017.03.157. 

Mandviwala, T. N., and J. M. Khire. 2000. “Production of High Activity Thermostable Phytase from 

Thermotolerant Aspergillus Niger in Solid State Fermentation.” Journal of Industrial 

Microbiology and Biotechnology 24(4): 237–43. 

Menezes-Blackburn, Daniel et al. 2013. “Phytases and Phytase-Labile Organic Phosphorus in 

Manures and Soils.” Critical Reviews in Environmental Science and Technology 43(9): 916–54. 

Mrudula Vasudevan, Ushasree, Amit K. Jaiswal, Shyam Krishna, and Ashok Pandey. 2019. 

“Thermostable Phytase in Feed and Fuel Industries.” Bioresource Technology 278(January): 

400–407. https://doi.org/10.1016/j.biortech.2019.01.065. 

Musil, Milos et al. 2017. “FireProt: Web Server for Automated Design of Thermostable Proteins.” 

Nucleic Acids Research 45(W1): W393–99. 

Muwawa, Edith M. et al. 2021. “16S RRNA Gene Amplicon-Based Metagenomic Analysis of 

Bacterial Communities in the Rhizospheres of Selected Mangrove Species from Mida Creek 

and Gazi Bay, Kenya.” PLoS ONE 16(3): 1–22. 

http://dx.doi.org/10.1371/journal.pone.0248485. 

Nagar, Akshita, Asmita Kamble, and Harinder Singh. 2021. “Preliminary Screening, Isolation and 

Identification of Microbial Phytase Producers from Soil.” Environmental and Experimental 

Biology 19(1): 11–22. 

Pramanik, Krishnendu et al. 2018. “Computational-Based Structural, Functional and Phylogenetic 

Analysis of Enterobacter Phytases.” 3 Biotech 8(6): 1–12. http://dx.doi.org/10.1007/s13205-

018-1287-y. 

Puppala, Kumar Raja et al. 2019. “Characterization of Novel Acidic and Thermostable Phytase 

Secreting Streptomyces Sp. (NCIM 5533) for Plant Growth Promoting Characteristics.” 

Biocatalysis and Agricultural Biotechnology 18(Ncim 5533): 101020. 

https://doi.org/10.1016/j.bcab.2019.101020. 

Rao, D. E.C.S., K. V. Rao, T. P. Reddy, and V. D. Reddy. 2009. “Molecular Characterization, 

Physicochemical Properties, Known and Potential Applications of Phytases: An Overview.” 

Critical Reviews in Biotechnology 29(2): 182–98. 



28 
 

Rebello, Sharrel, Leny Jose, Raveendran Sindhu, and Embalil Mathachan Aneesh. 2017. “Molecular 

Advancements in the Development of Thermostable Phytases.” Applied Microbiology and 

Biotechnology 101(7): 2677–89. 

Robe, Patrick et al. 2003. “Extraction of DNA from Soil.” European Journal of Soil Biology 39(4): 

183–90. 

Sadeghian, Issa, Zahra Rezaie, Seyyed Soheil Rahmatabadi, and Shiva Hemmati. 2020. “Biochemical 

Insights into a Novel Thermo/Organo Tolerant Bilirubin Oxidase from Thermosediminibacter 

Oceani and Its Application in Dye Decolorization.” Process Biochemistry 88: 38–50. 

Sajidan et al. 2015. “Phytase-Producing Bacteria from Extreme Regions in Indonesia.” Brazilian 

Archives of Biology and Technology 58(5): 711–17. 

Sajidan, A. et al. 2004. “Molecular and Physiological Characterisation of a 3-Phytase from Soil 

Bacterium Klebsiella Sp. ASR1.” Applied Microbiology and Biotechnology 65(1): 110–18. 

Satyanarayana, Sadam D.V.Optimization of high-yielding protocol for DNA extraction from the forest 

rhizosphere microbes, M. S.R. Krishna, and Pindi Pavan Kumar. 2017. “Optimization of High-

Yielding Protocol for DNA Extraction from the Forest Rhizosphere Microbes.” 3 Biotech 7(2): 

1–9. 

Schymkowitz, Joost et al. 2005. “The FoldX Web Server: An Online Force Field.” Nucleic Acids 

Research 33(SUPPL. 2): 382–88. 

Shivange, Amol V., Danilo Roccatano, and Ulrich Schwaneberg. 2016. “Iterative Key-Residues 

Interrogation of a Phytase with Thermostability Increasing Substitutions Identified in Directed 

Evolution.” Applied Microbiology and Biotechnology 100(1): 227–42. 

Soh, Lemuel M.J. et al. 2017. “Engineering a Thermostable Keto Acid Decarboxylase Using Directed 

Evolution and Computationally Directed Protein Design.” ACS Synthetic Biology 6(4): 610–18. 

Stewart, Eric J. 2012. “Growing Unculturable Bacteria.” Journal of Bacteriology 194(16): 4151–60. 

Suleimanova, Aliya D. et al. 2015. “Novel Glucose-1-Phosphatase with High Phytase Activity and 

Unusual Metal Ion Activation from Soil Bacterium Pantoea Sp. Strain 3.5.1.” Applied and 

Environmental Microbiology 81(19): 6790–99. 

Tan, Hao, Xiang Wu, et al. 2016a. “A Novel Phytase Derived from an Acidic Peat-Soil Microbiome 

Showing High Stability under Acidic Plus Pepsin Conditions.” Journal of Molecular 

Microbiology and Biotechnology 26(4): 291–301. 

Tan, Hao, Renyun Miao, et al. 2016. “Enhancing the Thermal Resistance of a Novel Acidobacteria-

Derived Phytase by Engineering of Disulfide Bridges.” Journal of Microbiology and 

Biotechnology 26(10): 1717–22. 

Tan, Hao, Xiang Wu, et al. 2016b. “Identification and Characterization of a Mesophilic Phytase 

Highly Resilient to High-Temperatures from a Fungus-Garden Associated Metagenome.” 

Applied Microbiology and Biotechnology 100(5): 2225–41. 



29 
 

Tan, Hao, Marlies J. Mooij, and and Fergal O’Gara , Matthieu Barret , Pardraig M. Hegarty , Catriona 

Harrington , Alan D.W. Dobson. 2014. “Identification of Novel Phytase Genes from an 

Agricultural Soil-Derived Metagenome.” J.Microbiol.Biotechnol 24(1): 113–18. 

Trott, Oleg, and Arthur J. Olson. 2009. “AutoDock Vina: Improving the Speed and Accuracy of 

Docking with a New Scoring Function, Efficient Optimization, and Multithreading.” Journal of 

Computational Chemistry 31(2): NA-NA. 

Vashishth, Amit, Sewa Ram, and Vikas Beniwal. 2017. “Cereal Phytases and Their Importance in 

Improvement of Micronutrients Bioavailability.” 3 Biotech 7(1): 1–7. 

Voß, Hauke, Amata Heck, and Marcus Schallmey. 2020. “Database Mining for Novel Bacterial Beta-

Etherases, Glutathione- Dependent Lignin-Degrading Enzymes.” APPLIED AND 

ENVIRONMENTAL MICROBIOLOGY 86(2): 1–15. 

Wang, Xi et al. 2015. “Enzymology and Thermal Stability of Phytase AppA Mutants.” RSC Advances 

5(54): 43863–72. 

Xi Wang & Jun Du & Zhi-yun Zhang & Yue-jun Fu & Wen-ming Wang & Ai-Hua Liang. 2018. “A 

Rational Design to Enhance the Resistance of Escherichia Coli Phytase AppA to Trypsin.” 

Applied Microbiology and Biotechnology 102(22): 9647–56. 

Zhang, Huitu et al. 2019. “Rational Design of a Yarrowia Lipolytica Derived Lipase for Improved 

Thermostability.” International Journal of Biological Macromolecules 137: 1190–98. 

https://doi.org/10.1016/j.ijbiomac.2019.07.070. 

  

Databases/tool/software references: 

NCBI: Sayers, Eric W. et al. 2021. “Database Resources of the National Center for Biotechnology 

Information.” Nucleic Acids Research 49(D1): D10–17. 

ScanProsite: Sigrist, Christian J.A. et al. 2013. “New and Continuing Developments at PROSITE.” 

Nucleic Acids Research 41(D1): 344–47. 

UniprotKB: Magrane, Michele, and Uni Prot Consortium. 2011. “UniProt Knowledgebase: A Hub of 

Integrated Protein Data.” Database 2011: 1–13. 

CDD: Lu, Shennan et al. 2020. “CDD/SPARCLE: The Conserved Domain Database in 2020.” 

Nucleic Acids Research 48(D1): D265–68. 

HHMER: Finn, Robert D., Jody Clements, and Sean R. Eddy. 2011. “HMMER Web Server: 

Interactive Sequence Similarity Searching.” Nucleic Acids Research 39: 29–37. 



30 
 

JGI-Metagenome: I-Min A Chen et.al. 2023. “The IMG/M data management and analysis system v.7: 

content updates and new features” Nucleic Acids Research  51(D1): D723–D732. 

Protparam: Gasteiger, Elisabeth et al. 2005. “Protein Identification and Analysis Tools on the ExPASy 

Server.” The Proteomics Protocols Handbook: 571–607. 

InterProScan: Mulder, Nicola, and Rolf Apweiler. 2007. “InterPro and InterProScan.” Comparative 

Genomics 2: 59–70. 

Psipred: McGuffin, L. J., K. Bryson, and D. T. Jones. 2000. “The PSIPRED Protein Structure 

Prediction Server.” Bioinformatics 16(4): 404–5.  

YASARA: Land, Henrik, and Maria Svedendahl Humble. 2018. “YASARA: A Tool to Obtain 

Structural Guidance in Biocatalytic Investigations Henrik.” In Protein Engineering: Methods and 

Protocols, , 43–67. 

PDBSum: Laskowski, Roman A. et al. 2018. “PDBsum: Structural Summaries of PDB Entries.” 

Protein Science 27(1): 129–34. 

Porter: Mirabello, Claudio, and Gianluca Pollastri. 2013. “Porter, PaleAle 4.0: High-Accuracy 

Prediction of Protein Secondary Structure and Relative Solvent Accessibility.” Bioinformatics 

29(16): 2056–58. 

SOPMA: Geourjon, C., and G. Deléage. 1995. “Sopma: Significant Improvements in Protein 

Secondary Structure Prediction by Consensus Prediction from Multiple Alignments.” 

Bioinformatics 11(6): 681–84. https://pubmed.ncbi.nlm.nih.gov/8808585/ (January 31, 2021). 

PROTEUS: Montgomerie, Scott et al. 2008. “PROTEUS2: A Web Server for Comprehensive Protein 

Structure Prediction and Structure-Based Annotation.” Nucleic acids research 36(Web Server 

issue): 202–9. 

FunFOLD: Roche, Daniel B., Stuart J. Tetchner, and Liam J. McGuffin. 2011. “FunFOLD: An 

Improved Automated Method for the Prediction of Ligand Binding Residues Using 3D Models 

of Proteins.” BMC Bioinformatics 12(1): 160. http://www.biomedcentral.com/1471-2105/12/160. 



31 
 

HHPred: Zimmermann, Lukas et al. 2018. “A Completely Reimplemented MPI Bioinformatics 

Toolkit with a New HHpred Server at Its Core.” Journal of Molecular Biology 430(15): 2237–

43.  

IntFold: Mcguffin, Liam J. et al. 2019. “IntFOLD: An Integrated Web Resource for High Performance 

Protein Structure and Function Prediction.” Nucleic Acids Research 47(W1): W408–13. 

ORION: Ghouzam, Yassine et al. 2016. “ORION: A Web Server for Protein Fold Recognition and 

Structure Prediction Using Evolutionary Hybrid Profiles.” Scientific Reports 6(March): 1–10.  

Phyre2: Kelley, Lawrence A et al. 2016. “The Phyre2 Web Portal for Protein Modeling, Prediction and 

Analysis.” Nature Protocols 10(6): 845–58. http://dx.doi.org/10.1038/nprot.2015-053. 

SWISS-MODEL: Waterhouse, A., Bertoni, M. et.al. 2018 “SWISS-MODEL: homology modelling of 

protein structures and complexes”. Nucleic Acids Res. 46: W296-W303. 

Tr-Rosetta: Du, Zongyang et al. 2021. “The TrRosetta Server for Fast and Accurate Protein Structure 

Prediction.” Nature Protocols 16(12): 5634–51. 

TopModel: Mulnaes, Daniel et al. 2020. “TopModel: Template-Based Protein Structure Prediction at 

Low Sequence Identity Using Top-Down Consensus and Deep Neural Networks.” Journal of 

Chemical Theory and Computation 16(3): 1953–67. 

I-TASSER: Yang, Jianyi et al. 2014. “The I-TASSER Suite: Protein Structure and Function 

Prediction.” Nature Methods 12(1): 7–8.  

CD-Hit: Li, Weizhong, and Adam Godzik. 2006. “Cd-Hit: A Fast Program for Clustering and 

Comparing Large Sets of Protein or Nucleotide Sequences.” Bioinformatics 22(13): 1658–59. 

MEGA7: Kumar, Sudhir, Glen Stecher, and Koichiro Tamura. 2016. “MEGA7: Molecular 

Evolutionary Genetics Analysis Version 7.0 for Bigger Datasets.” Molecular Biology and 

Evolution 33(7): 1870–74. 

 

 

 


