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CHAPTER 1: INTRODUCTION 

                  Genus Paenibacillus is a group of rod – shaped bacteria that make ATP either oxygen 

is present or not (Liu et al., 2019). Paenibacillus name derived from Latin adverb paene which 

means almost; almost a Bacillus (Ash et al., 1993). Paenibacillus macerans had flagella which 

are projecting in all directions and its size ranges from 0.6 – 3.5µm, while P. thermophilus and 

P. macerans both showed sequence similarity of 99.3% (Zhou et al., 2012). Pseudomonas, 

Rhizobium and Bacillus genus are among the foremost powerful phosphate solubilizers 

(Rodriguez et al., 1999). This genus mostly are plant growth promoting rhizobacteria which 

helps plant for providing  resistance to particular diseases and in agricultural productivity 

(Seldin, 2011). However, P. macerans participate in fermentation of hexoses, cellulose etc. and 

showed high metabolic rates and also helps in production of fuels and chemicals (Gupta et al., 

2017). To ensure crop productivity, nitrogen availability in the soil is a major limiting factor for 

plant growth 

          Member of genus Paenibacillus are capable of nitrogen fixation for those plant species 

which are tolerant to heavy metals and grows in extreme environments (Navarro et al., 2012). It 

is a nitrogen fixing bacteria but it also has a drawback that, by repeated sub culturing it loses its 

activity as compared to phosphate solubilizing fungi (Sharma et al., 2013). Another study 

showed that it is paraphyletic, this genus currently comprises around 200 species and able to 

produced variety of biocidal substances and further nitrogen fixing ability determined by 15N2 

fixing assays used to estimate nitrogenase activity (Grady et al., 2016).  
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        Many species of Paenibacillus which almost includes P. azotofixans, P. polymyxa, P. 

macerans, P. odorifer, P. graminis, P. sabinae, P. zanthoxyli, P. peoriae, P. brasilensis etc. 

showed the nitrogenase activity (Hong et al., 2009; Jin et al., 2011). Genome of this species has 

nif gene operon at almost 10.5kb region which also includes nine genes and that particular nif 

gene operon involves in nitrogen fixation (Xie et al., 2016). It also involves in phosphate 

solubilization because of presence of gcd (glucose dehydrogenase) gene which involves in 

oxidation of glucose into gluconic acid (Li et al., 2019) and iron acquisition (Wen et al., 2011). 

Paenibacillus macerans ATCC8244 strain is predominantly involve in nitrogen fixation. 

(Daligault et al., 2014).  Many species of Paenibacillus which almost includes P. mucilaginosus 

(Hu et al., 2006), P. elgii (Das et al., 2010), P. kribbensis (Marra et al., 2012), P. xylanilyticus 

(Pandya et al., 2015), P. peoriae (Xie et al., 2016), P. polymyxa and P. macerans (Wang et al., 

2012) showed the phosphate solubilization activity.  

          Few P. macerans show inhibitory effect against R. solanacearum strains and reduced the 

disease incidence (Li et al., 2017). It has negative quality that it acts as opportunistic infectors of 

humans and causes spoilage of pasteurized dairy products and also helps to remove contaminants 

from the waste water (Grady et al., 2016). Paenibacillus macerans causes allergies because it 

produces histamines (Jerez et al., 1994). It creates intracranial infection which leads to 

periorbital puncture (Bert et al., 1995). P. macerans were vancomycin resistant and not really 

show the sensitivity against erythromycin and further it shows 100% resistant against ampicillin 

with minimum inhibitory concentration 6 – 7.2 mg/L (Nieto et al., 2017). It cause infection in 

humans and remain dormant until it revert into vegetative spores, infection requiring life-long 

antibiotic therapy (Szaniawski et al., 2019).   
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          Paenibacillus macerans involves in production of chitosanase by using chitinous materials 

which also plays important role in biomedical (Doan et al., 2016). It acts as thermostable 

xylanase producing microbes which is used in paper and pulp industry (Dheeran et al., 2012).  It 

inhibit the growth of Ralstonia solanacearum because it acts as a biocontrol agent which involve 

competition for nutrients and suppress the growth of bacterial wilt and helps in sustainable 

management strategies for bacterial wilt of sweet peppers and other solanaceous crop 

(Mamphogoro et al., 2020). It produced exopolysaccharides and biosurfactant which has 

potential role in cosmetics (Liang et al., 2014). Wang et al., 2012 showed that Paenibacillus 

macerans solubilize  and form clear halozone when Ca3(PO4) and CaHPO4  used as phosphate 

source in National Botanical Research Institute’s Phosphate growth medium but it was not able 

to show phosphate solubilization activity when AlPO4 or FePO4 used as phosphate source. 

          For identification of Paenibacillus macerans, rpoB gene which helps to discriminate 

nitrogen fixing genus Paenibacillus,  used as an option to the 16SrRNA gene (Mota et al., 2004) 

because different copies of 16SrRNA gene restricts its use in Paenibacillus macerans (Berge et 

al., 2002). rpoB DNA sequences of this bacteria was CAGTCC and after alignment of rpoB 

DNA sequences, reverse primer rpoB PAEN is CTIAGI was obtained (Mota et al., 2005). P. 

macerans 3CT49 that is ranging from 5.1 to 7.1 Mb with 49 to 53% GC contents isolated from 

cheese curds were sequenced by using MiSeq platform using a MiSeqV2 reagent kit (Olajide et 

al., 2020).  

          High throughput sequencing that is Illumina sequencing involves in investigating bacteria 

for knowing about outbreak and spread of drug resistance (Loman et al., 2012). Assembly is a 

step which is used to generate contigs, and for that assembler is used that is, SPAdes which
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works for both single cell and multicell, it is an open source software (Bankevich et al., 2012). 

RAST server used for annotating bacterial genomes which identifies protein encoding, helps to 

reconstruct the metabolic network and it is freely available to the community ( Aziz et al., 2008). 

Mauve is a contig ordering tool that orders or orients the contigs into scaffolds, use for microbial 

genome comparison because it aligns homologous regions even if genome undergone deletions 

or insertions (Rissman et al., 2009).  

          For comparison and visualization of Prokaryote genomes, BRIG is used which can 

visualize or display the presence, absence or variation among different strains of bacteria and 

also display the custom graphs and annotation (Alikhan et al., 2011). By using genomic 

comparison tool, not only analyzed IAA biosynthesis, nitrogen fixation and phosphate 

solubilization but also able to analyzed systemic resistance inducer production and reveals 

percentage identity between comparative genome (Li et al., 2020). For identification of major 

biocontrol mechanisms and functional genes among related organisms, comparative genomics is 

recognized as an important tool (Helfrich et al., 2014).  

          Currently, genomic sequences of P. macerans ATCC8244 (GenBank accession number – 

NZ_KN125580) have completed (Daligault et al., 2014). To advance our understanding of the 

genome, used those strains of P.macerans which were not yet analyzed and their genomic 

characterization were not conducted yet.  

https://pubmed.ncbi.nlm.nih.gov/?term=Aziz+RK&cauthor_id=18261238
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The study Studies on “Comparative Genome analysis of Paenibacillus macerans 

strains CMB402, CMB401 and CMB393” was aimed to achieve the following objectives:                               

1. To study genome sequence and comparative analysis of three different strains of Paenibacillus 

macerans.  

2. To identify plasmid, prophage and antibiotic resistance gene of Paenibacillus macerans. 
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CHAPTER 2: LITERATURE REVIEW 

          This present study of Studies on “Comparative genome analysis of Paenibacillus 

macerans CMB402, CMB401, CMB393” was done through online mode at Rajiv Gandhi South 

Campus, Banaras Hindu University, Mirzapur, Uttar Pradesh.  

2.1. Paenibacillus genus 

          Paenibacillus is a genus of bacteria that can produce ATP by aerobic respiration if oxygen 

is available, but may also ferment and generate endospores if oxygen is not available (Ash et al., 

1993). Paenibacillus has been found or isolated in a number of locales and samples, including 

Antarctic sediment (Montes et al., 2004), boreal soil, rhizospheric soil, waste water, clinical 

samples, and others, and is hostile to the psychrophilic phytopathogenic fungus (Hoshino et al., 

2009). Few Paenibacillus species produce catalase and oxidase but are unable to digest casein, 

collagen, starch, or DNA, and Paenibacillus anaericanus is its closest phylogenetic cousin (Lee 

et al., 2007). Paenibacillus dendritiformis has a colony diameter of 5cm and a C morphotype 

pattern (Ben – Jacob E et al., 1997).  

         Agriculture uses Paenibacillus macerans, horticulture uses Paenibacillus polymyxa, 

industrial uses Paenibacillus amylolyticus, and medicinal uses Paenibacillus peoriate (Choi et 

al., 2004). Paenibacillus sp. is a kind of bacteria which called as desulfurizing bacteria that 

makes 2-(2'-Hydroxyphenyl) benzene sufinate desulfinate (Konishi et al., 2003). Various 

Paenibacillus species produces antimicrobial substances, various extracellular enzymes which 

affect fungi, soil bacteria and even anaerobic pathogens (Piuri et al., 1998).   
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Paenibacillus which includes almost 74 and above species from which few are named in [Figure 

2.1]. 

Figure 2.1. Species of Genus Paenibacillus  
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2.2 Paenibacillus macerans 

          Schardinger (Austrian Biologist) found Paenibacillus macerans in 1905, according to Ash 

et al., 1994 (Oren, 2019) [Table 2.1]. At pH levels ranging from 4.0 to 4.6, spore-forming 

organisms such as Paenibacillus macerans may survive and thrive (Ramesh, 2003). 

Paenibacillus macerans is a kind of bacteria that can fix atmospheric nitrogen and is also 

involved in fermentation. It may be found in soil. 

Table 2.1. Taxonomic classification 

Scientific classification of Paenibacillus macerans 

(Schardinger, 1905) 

Kingdom Bacteria 

Division  Firmicutes 

Class Bacilli 

Order Bacillales 

Family  Paenibacillaeae 

Genus Paenibacillus Ash et al., 1994 

Species  Paenibacillus macerans 

 

          Paenibacillus macerans does not have capsule and have appendage that protrudes from 

the cell body which acts as flagella for movement, it maybe Gram positive, Gram variable or 

Gram negative and in bacilli shaped which has 0.7 – 2.5 µm in size and it also shows positive 

results for some biochemical tests for example, catalase, hydrolysis of starch, acid production 

from glucose, sucrose, lactose, fructose, glycerol, xylose, sorbitol, maltose and reduction of 

nitrate to nitrite but it also has a drawbacks because for few biochemical tests it shows negative 
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results for example, Indole production, H2S production and casein decomposition (Ding et al., 

2005). It has 24 rRNA, 82 tRNA, 6234 protein, 6545 gene, 200 pseudogene, and 5 additional 

RNAs and is 7.39 Mb in size with 52.6 percent GC content (Daligault et al., 2014 and Kobayashi 

et al., 2019).  

          Menaquinone, discovered in Gram positive bacteria Paenibacillus macerans, is an 

example of an enzyme that catalyses the oxidation of succinate (Lancaster, 2018). It is involved 

in spoiling in less acid foods or fruit pulps with a pH of 3.7 to 4.5 (Silva et al., 2014), as well as 

nitrogen fixation, phosphate solubilization, plant growth stimulation, iron acquisition, 

phytohormone synthesis, and functions as a biocontrol agent (Grady et al., 2016). Paenibacillus 

species can generate immunological asexual spores that develop inside the cell of certain bacteria 

and are found all over the world (Bloemberg et al., 2001). 

2.3 Paenibacillus macerans, a nitrogen fixing bacteria 

          Agricultural output rises, but agricultural product traits diminish, as the fraction of light 

energy converted into chemical energy and leaf area growth is impacted by nitrogen element 

(Erisman et al., 2008). Nitrogen is a necessary component of DNA, RNA, proteins, and other 

biological structures. This region of the soil is enriched with various compounds such as sugars, 

complex polysaccharides, amino acids, proteins, and other compounds that are directly 

influenced by root secretions and microorganisms. It is a zone of interactions between 

microorganisms (Garcia et al., 2018) and their respective plant (Badri et al., 2009).    
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          The Nif gene genes for an enzyme that is responsible for nitrogen fixation in the 

atmosphere (Mus et al., 2018). Nif regulon consists of seven operons and 17 nif genes, such as 

nif A, D, K, F, H, U, W, Q, B, L, M, V, X, E, N, T, K, J, and these genes conduct diverse tasks, 

such as nif A activating positive transcriptional activator, nif Q incorporating molybdenum into 

Fe-Mo cofactor, and so on (Lee et al., 2001 and Khanal et al., 2020) [Figure 2.2].   

          Paenibacillus macerans, Paenibacillus sonchi, and other Paenibacillus genus members are 

capable of nitrogen fixation. Paenibacillus macerans is a rhizobacterium that promotes plant 

development (Mohamed et al., 2019). The nif H gene is a 323-bp segment that is used to identify 

nitrogen-fixing bacteria (Auman et al., 2001). It demonstrates nitrogen fixation, which is 

supported by acetylene-reduction activity and a nif H fragment sequence (Achouak et al., 1999).
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Figure 2.2. Types of nitrogenase 
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    2.4 Paenibacillus macerans : Phosphate solubilization and what it produced ? 

          Paenibacillus macerans and other bacterial strains are important in the phosphorus cycle 

because they convert mineral phosphorus or organic phosphorous into an accessible form that is 

dependent on the culture's nutritional, physiological, and growth conditions, and phosphatases is 

an enzyme that aids in the mineralization of organic phosphorous into organic acids (Behera et 

al., 2014). When bacterial samples were collected from non-arbuscular mycorrhiza or bulk soil, 

it exhibited greater phosphate solubilization (Wang et al., 2012).                

Paenibacillus mucilaginosus, Paenibacillus macerans, Paenibacillus skribbensis, and 

Paenibacillus elgii were among the Paenibacillus species that demonstrated phosphate 

solubilization, while Paenibacillus mucilaginosus, Paenibacillus macerans showed the 

potassium solubilization (Hu et al., 2006). The activity of phosphate solubilizing bacteria was 

stimulated by a lower quantity of exogenous soluble phosphate, and vice versa (Patel et al., 

2008). Genes involved in phosphate solubilization are pst (Pi – specific transporter), phoA 

(alkaline phosphatase), phyC (phytase), ushA (nucleotidase) and glpQ (glycerophosphoryldiester 

phosphodiesterase) (Pragai et al., 2004). 

 Paenibacillus macerans produce enzymes that act on alpha – glucans belonging to 

CGTase, phytohormones, glucanases, cellulose and proteases that are involved in destruction of 

eukaryotic cell walls, antimicrobial includes peptides, enzymes and volatile organic compounds 

[Table 2.2]. 
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Table 2.2. Products produced by Paenibacillus macerans 

Phosphate Solubilizing 

Bacteria 

Enzymes / Hormones that are 

produced 

References 

Paenibacillus macerans Enzymes that act on alpha – glucans 

belonging to CGTase 

Taniguchi et al., 2009 

Cyclodextringylcosyltransferase Fravel, 2008 

Production of phytohormones that is 

indole – 3 – acetic acid 

Patten et al., 2013 

Hydrolysis of chitin by chitinase Grady et al., 2016 

Glucanases, cellulose & proteases that 

are involved in destruction of eukaryotic 

cell walls 

Naing et al., 2014 

Antimicrobial includes peptides, enzymes 

and volatile organic compounds 

Grady et al., 2016 
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2.5 Role of Bioinformatics to know about microorganism 

          The American Academy of Microbiology in 2009 stated that the use of computer 

examination to studies the composition, structure and interactions of cellular molecules, known 

as Bioinformatics. Whole Genome Sequencing has the ability to collate and look into the genetic 

sequences of bacteria, archaea etc. and tell about the processes microbes carry out.  

          From wet lab, there are lots of data available which are not analysed or examined yet and 

to full fill this goal, research by using bioinformatics has to be done which is further classified 

into three approaches that is examine based upon the available wet-lab data results, use of 

mathematical modeling, integrated approach that combine search techniques with mathematical 

approach and bioinformatics research used to know about particular genome function, metabolic 

pathways and gene expression of particular microorganisms and to know about pathogenicity, 

antimicrobial genes and comparative analysis between different strain of particular species and 

many more (Bansal, 2005). Applications of Bioinformatics are – Whole Genome Sequencing, 

Annotation, Alignment, Phylogenetics or evolutionary relationships, protein structure prediction 

and in Homology modeling (Varli H et al., 2014). 

          DNA sequencing is any chemical, catalyst or technological procedure for decisive the 

linear order of ester bases in deoxyribonucleic acid. Sanger sequencing by replicative synthesis 

within the presence of dideoxy ester chain slayer monomers has currently given thanks to next 

generation sequencing by short parallel read technologies. The term typically applies to the 

complete sequence determination pipeline as well as post-sequencing software package analysis.  
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Many scientists were involved in developing chain termination technique sequencing, cappillary 

DNA sequencing, and next generation sequencing, including Richard Holley, who made the first 

attempt to sequence the nucleic acid [Table 2.3]. 

Table 2.3. History of DNA Sequencing method  

Name of Scientist 

/ Biotechnology 

company 

Year Achievements 

Richard Holley 1964 First attempt to sequence the nucleic acid 

Fredrick Sanger 1977 Chain termination method of sequencing 

Maxam and Walter 

Gilbert 

1977 Genome of bacteriophage X174 was sequenced using 

chemical degradation method 

Lorey and Smith 1986 First semi-automated DNA method 

Applied Biosystem 1987 Fully automated machine-controlled DNA sequencing 

method 

Applied Biosystem 1996 Capillary DNA Sequencing 

Solexa / Illumina 2005 Next Generation Sequencing 
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2.5.1. Next Generation Sequencing 

          Next Generation Sequencing divides millions of fragments of DNA in parallel fashion 

and further reads are evaluated by numerous computational method (Behjati et al., 2013). 

Following sequencing platforms which comes under next generation sequencing: 

2.5.1.1. 454  Pyrosequencing 

          454 Pyrosequencing was called after the company 454 Life Sciences, which invented it. 

Pyrosequencing employs polymerase enzyme to produce complementary strands and 

dideoxynucleotides to inhibit chain amplification. Primer, which is ssDNA, is used to form the 

complementary strand by adding dNTPs, and when the right dNTPs are added, pyrophosphate is 

released, which is then converted to ATP. Adenosine triphosphate (ATP) transforms luciferin to 

oxyluciferin, which creates light (Gharizadeh et al., 2003). 

2.5.1.2. Ion torrent semiconductor sequencing 

         Ion torrent sequencing employs a "sequencing by synthesis" method, in which a new DNA 

strand is produced one base at a time, complementary to the target strand. The DNA library 

fragment is flooded successively with each nucleoside triphosphate during read generation using 

emulsion PCR (dNTP). If the dNTP is complementary to the nucleotide on the target strand, it is 

integrated into the new strand. A hydrogen ion is released each time a nucleotide is successfully 

inserted, and it is measured by the sequencer's pH sensor. Unfortunately, counting the number of 

similar bases added in a row might be tricky (Rothberg et al., 2011). 
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2.5.1.3. Sequencing by ligation (SOLiD) 

SOLiD is a deoxyribonucleic acid ligase-based sequencing technique. Desoxyribonucleic acid 

ligase is a widely utilised catalyst in biotechnology because of its capacity to ligate double-

stranded deoxyribonucleic acid strands (Ho et al., 2011). 

2.5.1.4. Illumina sequencing  

          There are four fundamental phases in the Illumina sequencing process: Sample 

preparation, cluster formation, sequencing, and knowledge analysis. Adaptors are added to the 

ends of deoxyribonucleic acid in all preparation techniques. Additional features, such as 

sequencing binding sites, indices, and sections complementary to the flow cell oligos, are added 

by decreased cycle amplification. Illumina's HiSeq and MiSeq systems are used for sequencing 

(www.illumina.com/technology/next-generation-sequencing.html).  

2.6 Genome assembly and annotation 

          Since the invention of the Sanger sequencing process, experts all over the world have 

focused their efforts on making advancements in the sector in order to provide the most cutting-

edge technology. The development of next-generation sequencing (NGS) is a game-changing 

breakthrough that promises to lead to significant improvements in our understanding of how 

nucleic acids work. Illumina sequencing is a type of high throughput sequencing that is used to 

investigate microorganisms in order to learn about drug resistance outbreaks and dissemination 

(Loman et al., 2012). Different sequencing platforms are used to generate reads. To examine the 

raw reads, a fastqc report was generated to determine the quality of the reads; it requires less
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 memory to run and allows for more flexible HTML report display (Brandine et al., 2019). Next-

generation sequencing technology generated a large amount of data, which could be long or short 

reads depending on the sequencing technique utilized. Because read mistakes, low quality reads, 

and primer / adaptor contamination are relatively common in the data, the NGS QC Toolkit is 

utilized for filtering and trimming the huge quantity of data created and employed in Quality 

check and filtration is necessary. It may accept sequencing data in a variety of formats as input 

and execute quality checks with default/user-defined parameters while it also provide QC reports 

for unfiltered (input) and filtered (output) data, as well as filtered HQ data files, are created in a 

variety of formats (Patel et al., 2012) (Figure 2.3). 

          Sequencing readings are converted into contiguous sequences using sequence similarity 

during genome assembly (Clum, 2018), and gaps between contigs are filled in by sequential 

joining to construct scaffolds. The graph methods utilised by de novo assembly include overlap – 

layout consensus, which shows an overlap graph, and De Bruijn graph approach, which shows a 

compact representation (Miller et al., 2010). VELVET or SPADes are two genome assembly 

techniques that are employed. 

          The ribosomal RNA (rRNA) genes have a wide range of applications in bioinformatics 

due to their highly conserved sequences and prevalence across all genomes. RNAmmer and 

Barrnap are two methods for predicting rRNA genes that both use a Hidden Markov Model 

methodology (HMM) (Seemann, 2013). 
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Figure 2.3 Various tools included in NGS QC Toolkit
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              In comparative, functional, and structural genomics, completing an organism's genome 

sequence is a critical endeavour. However, this is still a difficult problem to solve, both 

computationally and experimentally. De novo assembly genome scaffolding is frequently the 

initial step in most genome finishing workflows (Bosi et al., 2015). Wet laboratory procedures, 

in silico approaches, or a combination of both are used to finish a genomic scaffold. The paired-

read data from the sequencing stage could be used as an example of a computational method. 

The presence of paired reads in separate contigs can be utilised to determine the order and 

distance between these contigs probabilistically. MEDUSA scaffolded the same datasets in less 

than 10 minutes on average (Barton et al., 2012). Contiguator: a bacterial genomes finishing tool 

for structural insights on draft genomes (Glardini et al., 2011), Ragout-a reference-assisted 

assembly tool for bacterial genomes are just a few of the various ways for mapping (and later 

scaffolding) the generated draft contigs (Kolmogorov et al., 2014).           

         BASys (Bacterial Annotation System) is a web service that permits for the automatic 

annotation of bacterial genomic (chromosomal and plasmid) sequences. It receives raw DNA 

sequence data as well as an optional list of gene identification information, and outputs 

comprehensive textual annotation and hyperlinked images, including gene/protein name, GO 

function, COG function, possible paralogues and orthologues, subcellular localization, signal 

peptides, transmembrane regions, secondary structure, 3D structure, reactions, and pathways 

(Gary et al., 2005). Magnifying Genomes (MaGe) is a bacterial genome annotation system that 

incorporates a web interface for finishing the genome annotation tasks (Vallenet et al., 2006).
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          KAAS (KEGG Automatic Annotation Server) is a programme that uses a fast approach to 

assign K values to genes in the genome, allowing KEGG pathways to be reconstructed (Moriya 

et al., 2007). Genome annotation is a process that identifies the relevant features associated with 

specific genome sequences. A variety of tools are available for annotation, some of which are 

online web servers and others are command line based tools, such as RAST (Rapid Annotation 

Using SubsystemTechnology) (Aziz et al., 2008), DIYA (Stewart et al., 2009) [Figure 2.4].   
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Figure 2.4 Workflow of genome assembly and genome annotation 
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2.7 Post annotation: Comparative analysis  

          Linear or circular representations are used in genome visualisation approaches. 

Genome search by DNA hybridization is included in linear representations such as those 

generated by Artemis Comparison Tool (ACT), which allows an interactive visualisation of 

comparisons between complete genome sequences and associated annotations (Carver et al., 

2005), Mauve (Darling et al., 2004), and Genomorama (probe binding and PCR amplification). 

In displaying insertions and deletions between genomic sequences, efficient multi-scale display 

and manipulation of multiple genomes, support for many genome file types, and the ability to 

search for and retrieve data from the National Center for Biotechnology Information (NCBI) 

Entrez server (Gans et al., 2007) have advantages, and certain programmes, such as Mauve and 

ACT, can show genome rearrangements. Mauve is software that can be used to identify and align 

conserved genomic DNA in the presence of horizontal transfer and rearrangements. Progressive 

Mauve generates numerous genomic alignments based on positional homology. Glocal genome 

alignments, in which all copies of a repeating gene family may become aligned to one other, are 

very different from these alignments. Downstream alignment tasks such as phylogenetic 

inference of nucleotide substitution, phylogenetic inference of gene gain and loss (Didelot et al., 

2008), phylogenetic inference of rearrangement and even inference of homologous 

recombination-induced  lateral gene transfer (Darling et al., 2008) are made easier with 

positional homology alignment (Didelot et al., 2007). However, applying these tools to 

summarise huge datasets is problematic. Microbial Genome Viewer (Kerkhovan et al., 2004) and 

Genome Projector (Arakawa et al., 2009) are two programmes that generate circular figures. 

They are meant to annotate a single chromosome and do not support whole genome comparative 

data. BRIG (BLAST Ring Image Generator) is a cross-platform desktop tool that allows users to
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quickly visualise BLAST comparisons to one or more central reference sequences utilising 

complete, draft, or unassembled genome data (Alikhan et al., 2011).  

          Unlike BRIG, comparable programmes limit the amount of genome comparisons that may 

be displayed on a single image and do not allow you to combine several sequences into a single 

lane. For most sequencing investigations, comparing to other genomes or sequences is a vital 

step. In many situations, users are also interested in trying to find specific genes with recognised 

roles, such as virulence genes or medication resistance determinants. Most users will need to be 

able to visualise these comparisons in order to aid understanding and interpretation of the data, as 

well as to obtain figures for conveying conclusions. 
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CHAPTER 3: MATERIALS AND METHODS 

          This present study of Studies on “Comparative genome analysis of Paenibacillus 

macerans CMB402, CMB401, CMB393” was done through online mode at Rajiv Gandhi South 

Campus, Banaras Hindu University, Mirzapur, Uttar Pradesh.  

3.1 Schematic workflow of this study 

 



                                 Materials And Methods 

 26  
 

3.2 Bacterial Strain  

           Raw data for selected bacterial strain (Paenibacillus macerans CMB402, CMB401 and CMB393) were downloaded from 

European Nucleotide Archive site as shown in Table 3.1. This site is a sequence repository which includes three main databases that is 

Sequence Read Archive, Trace Archive and EMBL – Bank and also it promotes the use of nucleotide sequencing as an experimental 

research (Leinonen et al., 2011).  

Table 3.1: Selected Strain for genomic analysis and further downstream analysis. 

S.No. Strain Sample Run Experiment Read 

1 CMB393 Sample has been submitted 

on 2021-01-04; 

Paenibacillus macerans 

Illumina MiSeq sequencing; 

Bovine Rumen Microbiome 

isolates 

Illumina MiSeq paired end 

sequencing; Bovine Rumen 

Microbiome isolates 

SRR11410553_1.fastq

SRR11410553_2.fastq 

2 CMB401 Sample has been submitted 

on 2021-01-04; 

Paenibacillus macerans 

Illumina MiSeq equencing; 

Bovine Rumen Microbiome 

isolates 

Illumina MiSeq paired end 

sequencing; Bovine Rumen 

Microbiome isolates 

SRR11410549_1.fastq

SRR11410549_2.fastq 

3 CMB402 Sample has been submitted 

on 2021-01-04; 

Paenibacillus macerans 

Illumina MiSeq sequencing; 

Bovine Rumen Microbiome 

isolates 

Illumina MiSeq paired end 

sequencing; Bovine Rumen 

Microbiome isolates 

SRR11410548_1.fastq

SRR11410548_2.fastq 
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3.3 Bioinformatics Tool for Quality Check  

(i) Fast Quality Check 

          Fast QC accustomed fathom internal control on data coming back from high throughput 

sequencing technology. It gives a preliminary report into data quality. Prior to scanning the 

sequence to draw biological interpretation you want to forever perform some straightforward 

control checks to verify that the data information looks wise and there do not seem to be any 

problems or biases in your data that might have a bearing on but you will usefully use it. Many 

sequencers will produce a QC report as the location of their analysis pipelines (Andrews, 2010).  

  3.4 Bioinformatics Tool for Quality Control  

(i) NGS QC Toolkit: Next Generation Sequencing Quality Control Toolkit 

          Raw reads are converted into filtered sequences using NGS QC Toolkit. NGS QC Toolkit 

used for control and filtering of next-generation sequence data and it generates elaborate finally 

end up within the form of tables and graphs at the aspect of filtering of the data to return up with 

high-quality sequence data and further it incorporates a spread of modules that facilitate varied 

totally different pre-processing like format conversion and trimming and statistics. After 

trimming the reads, low-quality reads area unit removed and reads containing primer/adaptor 

contamination area unit cut as per given criteria. Finally, High Quality (HQ) reads and QC 

statistics area unit generated within the output folder (Patel et al., 2012).  
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3.5 Bioinformatics Tool for Genome Assembly  

(i) SPAdes: Genome Assembler  

          After getting filtered files, genome assembly has to be done by using the SPAdes tool. It 

includes four stages that are: assembly graph construction; k-bimer adjustment using joint 

analysis of distance histograms and strategies among the assembly graph; constructs the paired 

assembly graph; contig construction (Bankevich et al., 2012).   

(ii) BARRNAP: BAsic Rapid Ribosomal RNA Predictor 

          Barrnap tool is employed to predicts the placement of rRNA genes in genomes whereas 

this tool supports bacteria (5S, 23S, 16S), archaea (5S, 5.8S, 23S, 16S), eukaryotes (5S, 5.8S, 

28S, 18S). The largest sequenced 16S rRNA that is obtained from Barrnap is employed in 

BLAST (Seemann, 2013).  

(iii) BLAST: Basic Local Alignment Search Tool 

           It is used to seek out the nearest reference genome. It is used for searching the sequences 

and for aligning them. It defines the connection between novel sequenced DNA and already 

submitted or identified sequences. Blast compare the query sequence to every sequence in a large 

database of sequences. It judges the degree of similarity and then withdraw all sequences that 

share small region of similarity to the query sequence (Boratyn et al., 2013). 
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(iv) MEDUSA: Genome Finishing Tool 

          MeDuSa is employed for generating scaffolds from contigs. It is a multi draft primarily 

based scaffolder and exploits data obtained from a collection of genomes from connected 

organisms to work out the right order and orientation of the contigs (Bosi et al., 2015). During 

this server, comparison ordination is needed that may be the nearest reference sequence that is 

obtained by victimization BLAST.  

 3.6 Bioinformatics server for downstream analysis 

(i) RAST: Genome Annotation 

          It is a tool that helps in the identification of genes and also tells about their function. For 

annotation of sequence, RAST (Rapid Annotation Subsystem  Technology) is utilized. It may be 

a fully automated service for step-up complete or nearly complete organism and archaeal 

genomes. It provides top of the range ordination annotations for these genomes across the 

complete phylogenetic tree. Users of the provision upload a genome as a set of contigs in 

FASTA format, and they receive ingress to an annotated genome in an environment that supports 

collation with an unification of hundreds of subsisting genomes. It makes a SEED-quality 

annotation out there as a service with 48 hours. The SEED environment and SEED information 

structures unit accustomed to reckon the machine-controlled annotations; however, knowledge is 

not extra into the SEED automatically. Once the annotation is completed, genomes are 

downloaded in an extremely variety of formats or viewed online (Aziz et al., 2008). 
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(ii) PHASTER: PHAge Search Tool Enhanced Release  

          It is used for the rapid identification and annotation of prophage (A bacteriophage genome 

that has been inserted and integrated into the circular bacterial DNA chromosome or that exists 

as an extrachromosomal plasmid) sequences within bacterial genomes and plasmids. Phaster has 

three input options, upload a GenBank formatted file or nucleotide sequence file, fasta format. 

Download the complete set of results in a zipped folder or view them in three files ( A summary 

file, detailed file, and an interactive genome viewer ) through which the results can be analyzed 

(Arndt et al., 2016; Zhou et al., 2011).  

(iii) Plasmid Finder  

           It is a web tool for in silico discernment and characterization of whole plasmid sequence 

data. Plasmid Finder can discern an extensive variety of plasmids that are frequently related with 

antimicrobial resistance. It is based on a curated database of plasmids replicons intended for the 

identification of plasmids in whole genome sequences originating from Paenibacillus species 

using direct high throughput raw reads, assembled contigs. Upon sequence submission, a percent 

identity of 100%, 95%, or on down to 50% can be selected (Caratfoli et al., 2014).  

(iv) CARD (Comprehensive Antibiotic Resistance Database): 

           The CARD ordered by the Antibiotic Resistance Ontology (ARO) and Antimicrobial 

Resistance (AMR) factor discernment models that may be a precisely curated variety of peer-

reviewed resistance factor and related antibiotics. The CARD comprise tools for inspection of 

molecular sequences and also the Resistance Gene Identifier (RGI) code for prediction of genes 

that confirm resistance to antibiotics that support the similarity and SNP models. CARD 
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information and ontologies will be downloaded in an exceeding variety of  formats (McArthur et 

al., 2013).  

3.7 Bioinformatics Tool for Comparative Analysis 

(i) MAUVE: For Contigs Alignment 

          Mauve could be a software that tries to align sequences in different species that evolve 

from common ancesteral sequences and xenologous regions of sequences that have gone through 

each local and large-scale change. As results of recombination can cause genomic sequences 

rearrangements, orthologous regions of one ordering sequence might even be reordered or 

inverted relative to special genomic sequences. All over the alignment strategy, Mauve point out 

preserved segments that seem to be internally free from genome sequences rearrangements. Such 

region’s area units brought up as Locally Collinear Blocks (LCBs) (Darling et al., 2010).  

(ii) BRIG: BLAST Ring Image Generator  

          Visualizing an organism order as a circular image has become a robust means that of 

displaying informative comparisons of one sequence to a variety of others. BRIG will generate 

pictures that show multiple organism order comparisons, while not associate arbitrary limits on 

the number of genomes compared. The output image shows the similarity between a central 

reference sequence and different sequences as a collection of coaxial rings, wherever BLAST 

matches area unit colored on a wage schedule indicating an outlined share identity. Pictures can 

even embrace draft order assembly information to point out browse coverage, assembly 

breakpoints and folded repeats. BRIG is quickly accessible to any user; because it assumes no 
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specialist process information and can perform all needed file parsing and BLAST comparisons 

mechanically. It's a graphical interface programmed on the Swing framework, that takes the user 

piecemeal through the generation of a circular image. The settings accustomed to generate a 

specific image are saved for re-use with completely different order information, or the complete 

session is bundled and saved for later. The image is generated in JPEG, PNG, SVG, SVGZ 

format (Alikhan et al., 2011).  
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3.8 Bioinformatics software, tools and their web addresses for downloading 

purposes 

          Software programs that are designed for extracting useful information from the sequences 

and their URL for downloading all above software, database and tools, refer Table no. 3.2. 

Table 3.2: URL of different Databases, Software and Tools 

Databases / Software / Tools URL 

European Nucleotide Archive http://www.ebi.ac.uk/ena  

NGS QC Toolkit http://www.nipgr.res.in/ngsqctoolkit.html 

SPAdes http://bioinf.spbau.ru/spades  

Barrnap https://github.com/tseemann/barrnap 

Medusa http://combo.dbe.unifi.it/medusa  

RAST https://rast.nmpdr.org  

PHASTER https://phaster.ca  

PLASMID FINDER https://cge.cbs.dtu.dk 

CARD https://card.mcmaster.ca  

Mauve http://darlinglab.org/mauve/mauve.html  

BRIG http://sourceforge.net/projects/brig/  

BLAST http://blast.ncbi.nlm.nih.gov  

Fast QC https://www.bioinformatics.babraham.ac.uk/projects/fastqc/ 

http://www.ebi.ac.uk/ena
http://www.nipgr.res.in/ngsqctoolkit.html
http://bioinf.spbau.ru/spades
https://github.com/tseemann/barrnap
http://combo.dbe.unifi.it/medusa
https://rast.nmpdr.org/
https://phaster.ca/
https://cge.cbs.dtu.dk/
https://card.mcmaster.ca/
http://darlinglab.org/mauve/mauve.html
http://sourceforge.net/projects/brig/
http://blast.ncbi.nlm.nih.gov/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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CHAPTER 4: RESULTS 

          The results of study entitled Studies on “Comparative genome analysis of Paenibacillus macerans CMB402, CMB401 and 

CMB393” such as quality control, validation of assembly data, prophage and plasmid identification, antibiotic resistance gene 

identification and comparative genome analysis of three different strains of Paenibacillus macerans are discussed below. 

4.1. Sample Collection 

          Raw reads of three different strains of Paenibacillus macerans were downloaded from European Nucleotide Archive site [Table 

4.1]. 

Table 4.1. Raw Reads for genomic analysis 

Strains of Paenibacillus macerans CMB402 CMB401 CMB393 

Forward raw reads SRR11410548_1.fastq SRR11410549_1.fastq SRR11410553_1.fastq 

Reverse raw reads SRR11410548_2.fastq SRR11410549_2.fastq SRR11410553_2.fastq 
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4.2. Fast Quality Check Report 

           Fast QC was used to check the quality of reads of three different strains of Paenibacillus macerans. Total sequences are 

different in reads of three different strains. There are 1196964 sequences present in CMB402, 1228980 sequences present in CMB401 

and 1410585 sequences present in CMB393. Percentage of GC content is almost similar in all three strains that is 53-54% [Table 4.2].  

Table 4.2. Basic Statistics of the reads after Fast QC 

Measure CMB402 CMB401 CMB393 

File name SRR11410548_1

.fastq.gz 

SRR11410548_2

.fastq.gz 

SRR11410549_1

.fastq.gz 

SRR11410549_2

.fastq.gz 

SRR11410553_1

.fastq.gz 

SRR11410553_2

.fastq.gz 

File type Conventional 

base calls 

Conventional 

base calls 

Conventional 

base calls 

Conventional 

base calls 

Conventional 

base calls 

Conventional 

base calls 

Encoding Sanger / Illumina 

1.9 

Sanger / Illumina 

1.9 

Sanger / Illumina 

1.9 

Sanger / Illumina 

1.9 

Sanger / Illumina 

1.9 

Sanger / Illumina 

1.9 

Total Sequences 1196964 1196964 1228980 1228980 1410585 1410585 

Sequence length 35-301 35-301 35-301 35-301 35-301 35-301 

%GC 53 54 53 54 53 53 
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4.3. NGS QC Report 

          CMB402 strain showed higher cut – off quality score that is 38 than other two strains that is 30. CMB401 and CMB393 strain 

showed 99.9% inferred base call accuracy and probability of incorrect base call was 1 in 1000 [Table 4.3].  

Table 4.3. Characterization of sequencing data 

Strain CMB402 CMB401 CMB393 

Library File  Paired End Paired End Paired End 

Input File SRR11410548_1.fastq 

SRR11410548_2.fastq 

SRR11410549_1.fastq 

SRR11410549_2.fastq 

SRR11410553_1.fastq 

SRR11410553_2.fastq 

Primer / Adaptor Library Paired End DNA Library Paired End DNA Library Paired End DNA Library 

Cut-off read length for HQ 70% 80% 80% 

Cut-off Quality score 38 30 30 

Only Statistics Off Off Off 

Number of CPUs 2 2 2 
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4.4.1. Before using NGS QC Toolkit 

          The reverse reads of CMB393 strain show higher total number of non-ATGC bases that are 111237 because of that it show 

higher polymorphism and forward reads of CMB401 strain show lesser total number of non-ATGC bases that are 33302 because of 

that it show lower polymorphism. The percentage of high quality reads are higher in genome sequence of CMB402 strain that is 57.93 

and percentage of high quality reads are lesser in genome sequence of CMB393 strain that is 29.82 [Table 4.4]. 

Table 4.4. QC Statistics Before Using NGS QC Toolkit  

Strain CMB402 CMB401 CMB393 

File Name  SRR11410548

_1.fastq 

SRR11410548

_2.fastq 

SRR11410549

_1.fastq 

SRR11410549

_2.fastq 

SRR11410553

_1.fastq 

SRR11410553

_2.fastq 

Percentage of HQ Reads 57.93% 57.93% 29.92% 29.92% 29.82% 29.82% 

Percentage of HQ Bases 

in HQ Reads 

97.09% 83.24% 97.51% 89.24% 97.45% 89.48% 

Average Read Length 269.85 270.69 275.02 276.76 275.53 276.46 

Percentage of Reads with 

Non-ATGC Bases 

0.23% 0.47% 0.17% 0.40% 0.23% 0.20% 

 Non-ATGC Bases 55879 62521 33302 39564 56668 111237 
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4.4.2. After using NGS QC Toolkit 

           After filtration and trimming, the reverse reads of CMB402 strain show higher total number of non-ATGC bases that are 2198 

because of that it show higher polymorphism and reverse reads of CMB393 strain show lesser total number of non-ATGC bases that 

are 124 because of that it show lower polymorphism [Table 4.5]. 

Table 4.5. Detailed QC Statistics after Using NGS QC Toolkit 

Strain CMB402 CMB401 CMB393 

File Name  SRR11410548_1

.fastq_filtered 

SRR11410548_2

.fastq_filtered 

SRR11410549_1

.fastq_filtered 

SRR11410549_2

.fastq_filtered 

SRR11410553_

1.fastq_filtered 

SRR11410553_

2.fastq_filtered 

Total Number of 

Reads 

693386 693386 157 497 420573 420573 

Total Number of 

Reads with Non-

ATGC Bases 

347 1213 0.04% 0.14% 118 38 

Total Number of 

HQ Bases 

168400746 144670756 81146630 74307457 92264592 84769828 

Non-ATGC Bases 487 2198 237 714 135 124 
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4.5. Quality control data from NGSQC Toolkit 

4.5.1. Per base average quality score 

4.5.1.1. CMB402 strain 

         The average quality score is the chance that the given base is called incorrectly by the 

sequencer. While increasing base position, the average quality score of raw reads and filtered 

reads decreases, and because of that it limits the length of high quality reads. From base position 

1, the average quality score of raw reads and filtered reads of forward reads are 34 but at base 

position 5, its average quality score increases to 38 and then decreases [Figure 4.1.1]. For reverse 

reads, from base position 1for filtered reads show a higher average quality score that is 34 than 

raw reads that is 33 [Figure 4.1.2]. 

Figure 4.1.1. Per base average quality scores for input file, SRR11410548_1.fastq before 

and after QC of CMB402 strain.
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Figure 4.1.2. Per base average quality scores for input file, SRR11410548_2.fastq, before 

and after QC of CMB402 strain. 

4.5.1.2. CMB401 strain 

          The average quality score relative to the base position of raw reads and filtered reads of 

forward and reverse reads while from base position 1, the average quality score of raw reads and 

filtered reads of forward reads are 34 but at base position 5, its average quality score increases to 

38 and then decreases [Figure 4.2.1 and 4.2.2].  

Figure 4.2.1. Per base average quality scores for input file, SRR11410549_1.fastq before 

and after QC of CMB401 strain. 
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Figure 4.2.2. Per base average quality scores for input file, SRR11410549_2.fastq before 

and after QC of CMB401 strain. 

4.5.1.3. CMB393 strain 

          At base position 1, raw and filtered reads both show the same average quality score that is 

34 in forward reads but in reverse reads both show different average quality score that for filtered 

reads it is 34 and for raw reads it is 33 [Figure 4.3.1 and 4.3.2]. 

Figure 4.3.1. Per base average quality scores for input file, SRR11410553_1.fastq before 

and after QC of CMB393 strain.  
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 Figure 4.3.2. Per base average quality scores for input file, SRR11410553_2.fastq before 

and after QC of CMB393 strain. 

4.5.2. Read count (%) per base for different quality ranges 

4.5.2.1. CMB402 strain 

          At base position 1, read count percentage is nearly 100 for quality score between 31 – 40 

for forward  read [Figure 4.4.1]. At base position 1, read count percentage is approximately 99 

for quality score between 31 – 40 for reverse read [Figure 4.4.2]. 

Figure 4.4.1. Read count(%) per base for SRR11410548_1.fastq, before and after QC of 

CMB402 strain. 
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Figure 4.4.2. Read count(%) per base for SRR11410548_2.fastq, before and after QC of 

CMB402 strain. 

4.5.2.2. CMB401 strain 

          At base position 1, read count percentage is approximately 99 for quality score between 31 

– 40 for forward read [Figure 4.5.1]. At base position 1, read count percentage is approximately 

100 for quality score between 31-40 for reverse read [Figure 4.5.2]. 

Figure 4.5.1. Read count(%) per base for SRR11410549_1.fastq, before and after QC of 

CMB401 strain. 
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Figure 4.5.2. Read count(%) per base for SRR11410549_2.fastq, before and after QC of 

CMB401 strain. 

4.5.2.3. CMB393 strain 

          At base position 1, read count percentage is approximately 99 for quality score between 31 

– 40 for forward read [Figure 4.6.1]. At base position 1, read count percentage is approximately 

100 for quality score between 31 – 40 for reverse read [Figure 4.6.2]. 

Figure 4.6.1. Read count(%) per base for SRR11410553_1.fastq, before and after QC of 

CMB393 strain.
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Figure 4.6.2. Read count(%) per base for SRR11410553_2.fastq, before and after QC of 

CMB393 strain. 
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4.5.3. Base composition 

4.5.3.1. CMB402 strain 

          In forward and reverse both reads, after filtration or trimming base composition will 

change. Adenine composition is 23.34%, Thymine is 23.20%, Guanine is 26.86%, Cytosine is 

26.58% and non – ATGC is 0.02% in raw reads but these percentages vary in filtered reads 

which represent a green bar in the graph for forward reads but this composition may vary for 

reverse reads [Figure 4.7.1 and 4.7.2]. 

Figure 4.7.1. Base composition for input file, SRR11410548_1.fastq, before and after QC of 

CMB402 strain. 

Figure 4.7.2. Base composition for input file, SRR11410548_2.fastq, before and after QC of 

4.5.3.2. CMB401 strain
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           Percentage of four different base composition of raw reads and filtered reads for 

SRR11410549 raw data are, Adenine composition is 23.35%, Thymine is 23.18%, Guanine is 

26.89%, Cytosine is 26.57% and non – ATGC is 0.01% in raw reads but these percentages vary 

in filtered reads that is Adenine composition is 25.26%, Thymine is 25.13%, Guanine is 25.22%, 

Cytosine is 24.39% and non – ATGC is 0.00% [Figure 4.8.1]. For reverse reads the adenine 

composition is 22.66%, thymine is 22.95%, guanine is 26.33%, cytosine is 28.05% and non – 

ATGC is 0.01% in raw reads but these percentages vary in filtered reads that is Adenine 

composition is 25.36%, Thymine is 25.42%, Guanine is 24.16%, Cytosine is 25.06% and non – 

ATGC is 0.00% [Figure 4.8.2]. 

Figure 4.8.1. Base composition for input file, SRR11410549_1.fastq, before and after QC of 

CMB401 strain.
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Figure 4.8.2. Base composition for input file, SRR11410549_2.fastq, before and after QC of 

CMB401 strain. 

4.5.3.3. CMB393 strain 

          Percentage of four different base compositions (A,T,G,C) of raw reads and filtered reads 

for SRR11410553 raw data but both forward and reverse reads shows different composition of 

Non - ATGC of raw reads are, Adenine composition is 23.47%, Thymine is 23.34%, Guanine is 

26.70%, Cytosine is 26.47% and non – ATGC is 0.01% in raw reads but these percentages vary 

in filtered reads that is Adenine composition is 25.40%, Thymine is 25.16%, Guanine is 25.10%, 

Cytosine is 23.34% and non – ATGC is 0.00% [Figure 4.9.1]. For reverse reads the adenine 

composition is 23.01%, thymine is 23.08%, guanine is 26.31%, cytosine is 27.58% and non – 

ATGC is 0.03% in raw reads but these percentages vary in filtered reads that is Adenine 

composition is 25.40%, Thymine is 25.56%, Guanine is 24.11%, Cytosine is 24.93% and non – 

ATGC is 0.00% [Figure 4.9.2].  
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Figure 4.9.1. Base composition for input file, SRR11410553_1.fastq, before and after QC of 

CMB393 strain. 

Figure 4.9.2. Base composition for input file, SRR11410553_2.fastq, before and after QC of 

CMB393 strain. 

4.5.4. GC content distribution 

4.5.4.1. CMB402 strain  

          Graph shows the GC content distribution in raw reads and filtered reads. For CMB402 

strain, GC content distribution is almost the same in filtered reads that is 50 – 55% but varies in 

raw reads for both forward and reverse reads [Figure 4.10.1 and 4.10.2].  
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Figure 4.10.1. GC content distribution for input file, SRR11410548_1.fastq, before and 

after QC of CMB402 strain. 

Figure 4.10.2. GC content distribution for input file, SRR11410548_2.fastq, before and 

after QC of CMB402 strain.
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4.5.4.2. CMB401 strain 

          For CMB401 strain, for about 10,000 reads the percentage of GC content distribution is 45 

– 55% for both forward and reverse reads of filtered reads but it varies for raw reads [Figure 

4.11.1 and 4.11.2]. 

Figure 4.11.1. GC content distribution for input file, SRR11410549_1.fastq, before and 

after QC of CMB401 strain. 

 

Figure 4.11.2. GC content distribution for input file, SRR11410549_2.fastq, before and 

after QC of CMB401 strain. 
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4.5.4.3. CMB393 strain 

        For CMB393 strain, the GC content distribution is 45 – 55% for both forward and reverse 

reads of filtered reads at or above 10000 reads [Figure 4.12.1 and 4.12.2]. 

Figure 4.12.1. GC content distribution for input file, SRR11410553_1.fastq, before and 

after Q C of CMB393 strain. 

Figure 4.12.2. GC content distribution for input file, SRR11410553_2.fastq, before and 

after QC of CMB393 strain. 
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4.5.5. Quality distribution 

4.5.5.1. CMB402 strain 

          Average phred quality score is 38 for an average 300000 reads for forward reads and for 

reverse reads it is 38 for an average above 100000 reads [Figure 4.13.1 and 4.13.2].  

Figure 4.13.1. Quality distribution for input file, SRR11410548_1.fastq, before and after 

QC of CMB402 strain. 

Figure 4.13.2. Quality distribution for input file, SRR11410548_2.fastq , before and after 

QC of CMB402 strain.  
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4.5.5.2. CMB401 strain 

          For CMB 401 strain, its forward reads consist 38 average phred quality score for less than 

200000 reads and reverse reads consists 38 quality score for less than 100000 reads [Figure 

4.14.1 and 4.14.2]. 

 

Figure 4.14.1. Quality distribution for input file, SRR11410549_1.fastq , before and after 

QC of CMB401 strain. 

Figure 4.14.2. Quality distribution for input file, SRR11410549_2.fastq , before and after 

QC of CMB401 strain. 
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4.5.5.3. CMB393 strain 

          For CMB393 strain, its forward reads show 38 quality scores for above 200000 reads and 

reverse reads show 38 quality scores for above 100000 reads [Figure 4.15.1 and 4.15.2]. 

Figure 4.15.1. Quality distribution for input file, SRR11410553_1.fastq , before and after 

QC of CMB393 strain. 

 Figure 4.15.2. Quality distribution for input file, SRR11410553_2.fastq , before and after 

QC of CMB393 strain. 
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4.5.6. Summary of QC  

4.5.6.1. CMB402 strain 

           Reads of CMB402 strain shows, 57.93% of high quality filtered reads which is indicated 

by green color, 42.07% of low quality reads which is indicated by red color and there is no 

primer/adaptor contaminated reads for both forward and reverse reads [Figure 4.16].  

Figure 4.16. The summary of quality check for both SRR11410548_1.fastq and 

SRR11410548_2.fastq of CMB402 strain. 

4.5.6.2. CMB401 strain 

Reads of CMB401 strain show 29.92% of high quality filtered reads which is indicated by green 

color, 70.08% of low quality reads which is indicated by red color for both forward and reverse 

reads [Figure 4.17]. 
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Figure 4.17. Above figure depicts the summary of quality check and filtering for both 

SRR11410549_1.fastq and SRR11410549_2.fastq of CMB401 strain. 

4.5.6.3. CMB393 strain 

          Reads of CMB393 shows 29.82% of high quality filtered reads which is indicated by green 

color, 70.18% of low quality reads which is indicated by red color for both forward and reverse 

reads [Figure 4.18]. 

Figure 4.18. Above figure depicts the summary of quality check and filtering for both 

SRR11410553_1.fastq and SRR11410553_2.fastq of CMB393 strain. 
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4.5.7. Validation data of assembled genome 

           Validation data of assembled genome tells about their base composition (A, T, G, C), 

N25, N50, N75, N90, N95 length values of three different strains of the same species. N50 is the 

minimum contig length to cover 50% of the genome and it describes the quality of a draft 

assembly. CMB402 strain had high quality draft assembly as compare to CMB401, CMB393 

strain because it has high N50 value that is 159232 [Table 4.6]. 

Table 4.6. Values for assembly validation  

Strain CMB402 CMB401 CMB393 

Total Sequences 196 213 263 

Total Bases 7142881 7144711 7319099 

Min sequence length 128 128 128 

Max sequence length 374120 696080 437958 

Average sequence length 36443.27 33543.24 27829.27 

Median sequence length 443.50 452.00 537.00 

N25 length 259788 254705 263558 

N50 length 159232 150671 144293 

N75 length 97075 76365 88076 

N90 length 48238 43489 38419 

N95 length 28397 28421 23276 

As 23.35% 23.51% 23.57% 

Ts 23.77% 23.62% 23.67% 

Gs 25.77% 26.35% 26.14% 

Cs 27.11% 26.51% 26.62% 

(A+T)s 47.12% 47.13% 47.25% 

(G+C)s 52.88% 52.87% 52.75% 
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4.6 Genome annotation  

4.6.1. CMB402 strain 

          Subsystem coverage which depicts the percentage of features those are in subsystem. 21% 

feature counts are present in subsystem that includes 137 subsystem feature counts related to 

cofactors, vitamins, prosthetic groups, pigments. It also includes 50 subsystem feature counts 

related to phosphorus metabolism, 31 subsystem feature counts related to nitrogen metabolism 

and 64 subsystem feature counts related to virulence, disease and defence [Figure 4.19] while its 

annotated gene [Table 4.7]. 

Figure 4.19. Subsystem category distribution of strain CMB402
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Table 4.7. Annotation table of strain CMB402 

 

4.6.2. CMB401 strain 

          21% feature counts are present in subsystem that includes 136 subsystem feature counts 

related to cofactors, vitamins, prosthetic groups, pigments. It also includes 47 subsystem feature 

counts related to phosphorus metabolism, 31 subsystem feature counts related to nitrogen 

metabolism and 66 subsystem feature counts related to virulence, disease and defence [Figure 

4.20] while its annotated gene [Table 4.8]. 

Figure 4.20. Subsystem category distribution of strain CMB401 
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Table 4.8. Annotation table of strain CMB401 

 

4.6.3. CMB393 strain 

          21% feature counts are present in subsystem that includes 147 subsystem feature counts 

related to cofactors, vitamins, prosthetic groups, pigments. It also includes 56 subsystem feature 

counts related to phosphorus metabolism, 32 subsystem feature counts related to nitrogen 

metabolism and 62 subsystem feature counts related to virulence, disease and defense [Figure 

4.21] while its annotated gene [Table 4.9]. 

Figure 4.21. Subsystem category distribution of strain CMB393 
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Table 4.9. Annotation table of strain CMB393 

 

4.7. Antibiotic  Resistance Gene 

4.7.1. CMB402 strain 

          In CMB402, three antibiotic resistance genes are found which are vanl (vancomycin 

resistance gene), LimA 23S ribosomal methyltransferase and fexA (florfenicol – chloramphenicol 

resistance gene) also present. Alteration in the target sites of antibiotics that is vanI is a common 

mechanism of resistance which consists of 69.1% identity of matching region. LimA 23S 

ribosomal methyltransferase consist of 84.97% identity of matching region. Antibiotic efflux is a 

key mechanism of resistance in Gram negative bacteria which is involved by fexA antibiotic 

resistance gene and it shows 68.58% identity of matching region [Figure 4.22]. 
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Figure 4.22. Antibiotic resistance genes within strain CMB402 

4.7.2. CMB401 strain 

          In CMB401, three antibiotic resistance genes are found which are fexA (florfenicol – 

chloramphenicol resistance gene), LimA 23S ribosomal methyltransferase and vanl (vancomycin 

resistance gene) also present. Alteration in the target sites of antibiotics that is vanI is a common 

mechanism of resistance which consists of 69.1% identity of matching region. Antibiotic efflux 

is a key mechanism of resistance in Gram negative bacteria which is involved by fexA antibiotic 

resistance gene and it shows 68.58% identity of matching region. LimA 23S ribosomal 

methyltransferase consist of 84.97% identity of matching region [Figure 4.23]. 

Figure 4.23. Antibiotic resistance genes within strain CMB401 
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4.7.3. CMB393 

          In CMB393, two antibiotic resistance genes are found which are LimA 23S ribosomal 

methyltransferase and vanl (vancomycin resistance gene). Both antibiotic resistance gene shows 

antibiotic target alteration mechanism. LimA 23S ribosomal methyltransferase resistance gene 

shows 86.01% identity of matching region and vanI shows 68.22% identity of matching region 

[Figure 4.24]. 

Figure 4.24. Antibiotic resistance genes within strain CMB393 

4.8. Prophage identification 

4.8.1. CMB402 strain 

          In CMB402, 6 prophage regions are found. From these six regions four regions are 

incomplete and their score is less than 70. Two regions are intact that is region 3 and region 5 

and their score is 150. Prophage carrying population might in fact benefit from the release of free 

phages, because they may infect and kill any competing phage susceptible cells so CMB402 

strain is more advantageous than the CMB401 and CMB393 strains [Figure 4.25.1 and 4.25.2].  
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Figure 4.25.1. Phages associated with strain CMB402 

Figure 4.25.2. Phages associated with strain CMB402 
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4.8.2. CMB401 strain 

          Prophage carrying population might in fact benefit from the release of free phages, 

because they may infect and kill any competing phage susceptible cells. In CMB401, 5 

prophages are found. From these five prophages, three regions are incomplete and two regions 

are intact. The two regions are intact that is region 1 and region 5 and their score is 150. [Figure 

4.26.1 and 4.26.2].   

Figure 4.26.1. Phages associated with strain CMB401 

Figure 4.26.2. Phages associated with strain CMB401 
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4.8.3. CMB393 strain 

          In CMB393, three prophages are found. These prophages are actually incomplete and their 

score is 20 [Figure 4.27]. 

Figure 4.27. Phages associated with strain CMB393 

4.9. Plasmid finder 

          There is no plasmid present in any of the three strains of the same bacteria [Figure 4.28.1 – 

4.28.3]. 

Figure 4.28.1. Plasmid associated with strain CMB402
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Figure 4.28.2. Plasmid associated with strain CMB401 

Figure 4.28.3. Plasmid associated with strain CMB393 
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4.10. Visualization of comparative genome analysis  

(A) Comparative genome visualization through circular representation          

      BRIG : Blast Ring Image Generator  

         BRIG software was used for BLAST comparison of three unpublished genome of 

Paenibacillus macerans against the simulated draft genome. This image show similarity between 

central reference sequence (contigs.fasta) which indicate as red colour and other sequence as a 

set of concentric rings (genome sequence of CMB402, CMB401 and CMB393). Starting from 

the innermost circle going outwards: major tick (500 kb) and minor tick (100 kb) measurements 

of the contigs.fasta that is genome sequence of 3CT49 strain which is used as reference 

sequence; BLAST comparisons of CMB402 genome against the 3CT49 genome (green ring); 

BLAST comparisons of CMB401 genome against the 3CT49 genome (blue ring); BLAST 

comparisons of CMB393 genome against the 3CT49 genome (ocher ring); BLAST matches are 

coloured on a sliding scale indicating a defined percentage identity. Colored ring shows 100% 

identity with reference draft genome and gap (white color in the ring of genome sequence of 

CMB402, CMB401 and CMB393) in the ring represent less than 50% identity [Figure 4.29]. 
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Figure 4.29. Comparative genome analysis using BRIG.
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(B) Comparative genome visualization through linear representation 

      Mauve   

          Mauve software was used for alignment of P.macerans 3CT49 (used as a nearest reference 

sequence), P.macerans CMB402, P.macerans CMB401 and P.macerans CMB393. Notice how 

inverted regions in the P.macerans CMB401 and P.macerans CMB393 are clearly depicted as 

blocks below a genome’s center line. These four genome were aligned with Progressive Mauve 

using default parameters, as shown in below figure. The colored blocks in the first genome are 

connected by lines to similarly colored blocks in the second, third and fourth genomes. These 

lines indicate which regions in each genome are homologous. The region of sequence covered by 

colored block is entirely collinear and homologous among the genomes. The boundaries of 

colored blocks usually indicate the breakpoints of genome rearrangement, unless sequence has 

been gained or lost in the breakpoint region [Figure 4.30]. The image show linear comparison 

between genome sequence of CMB402 (Scaffold(2).fasta), CMB401 (Scaffold(3).fasta), 

CMB393 (Scaffold(4).fasta) and 3CT49 (Scaffold(1).fasta) [Table 4.10].  

Table 4.10. Sequence name represent the strain 

Strain Sequence name 

CMB402 Scaffold(2).fasta 

CMB401 Scaffold(3).fasta 

CMB393 Scaffold(4).fasta 

3CT49 Scaffold(1).fasta 
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Figure 4.30.  Alignment of genome sequence of CMB402, CMB401 and CMB393 strain 

using MAUVE
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4.11. Annotated genes 

4.11.1 Annotated genes involved in Phosphate and Nitrogen metabolism  

          In CMB402, CMB401 and CMB393 strain, genes are annotated which involve in 

phosphate metabolism for example, SphR, PhoU, PhoP, PhoH and SphS etc. The phoA gene 

encode for alkaline phosphatase. Many protein encode genes are present in these strain that are 

phosphate regulon sensor protein PhoR, phosphate regulon sensor protein PhoB, Alkaline 

phosphatase synthesis transcriptional regulatory protein PhoP and Phosphate transport system 

regulatory protein PhoU [Table 4.11]. 

           In CMB402, CMB401 and CMB393 strain, genes are annotated which involve in nitrogen 

metabolism for example, Nitrite transporter from formate/ nitrite family, NirC, Nitrate / nitrite 

sensor protein Respiratory nitrate reductase which are involved in nitrate / nitrite 

ammonification. Glutamine synthetase type I, Glutamate synthase (NADPH) small chain, 

Ammonium transporter, Glutamate synthase (NADPH) large chain are involved in ammonia 

assimilation. Nitrous oxide reductase maturation protein NosD, Nitrous oxide reductase 

maturation transmembrane protein NosY, Nitrous oxide reductase maturation protein outer 

membrane lipoprotein NosL acts as denitrifying reductase gene clusters [Table 4.12]. 
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Table 4.11. Genes involved in Phosphorus metabolism 

Category Sub - category Gene/ Enzyme 

Phosphorus metabolism Phosphate metabolism Phosphate regulon sensor protein PhoR (SphS) 

Phosphate transport regulator (distant homolog of PhoU) 

Inorganic pyrophosphate PpaX 

Phosphate starvation inducible protein PhoH, predicted ATPase 

Alkaline phosphatase 

Predicted ATPase related to phosphate starvation – inducible protein PhoH 

Probable low affinity inorganic phosphate transporter 

Alkaline phosphatase synthesis transcriptional regulatory protein 

Phosphate transport system regulatory protein PhoU 

Phosphate regulon transcriptional regulatory protein PhoB (SphR) 
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Table 4.12. Genes involved in Nitrogen metabolism 

Category Subsystem Gene / Enzyme 

Nitrogen metabolism Nitrate and nitrite 

ammonification 

Respiratory nitrate reductase alpha chain 

Nitrite transporter from formate / nitrite family 

Nitrite transporter NirC 

Nitrite reductase probable (NaD(P)H) large subunit 

Nitrite reductase probable (NaD(P)H) small subunit 

Ammonia assimilation Glutamate synthase (NADPH) small chain 

Glutamate synthase (NADPH) large chain 

Denitrifying reductase 

gene clusters 

Nitrous oxide reductase maturation protein NosD 

Nitrous oxide reductase maturation transmembrane protein NosY 

Nitrous oxide reductase maturation protein outer membrane lipoprotein NosL 
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4.11.2 Annotated genes involved in DNA metabolism and Virulence, Disease and Defence 

             CRISPR sequences found in the genomes of three different strain of Paenibacillus 

macerans for example, CRISPR associated RAMP Cmr1 – 4, CRISPR associated protein Csd1 

family, CRISPR associated protein Cas2 and  CRISPR associated protein Cas1[Table 4.13].        

          From CMB402, CMB401 and CMB393 strain, genes are annotated which involve in 

virulence disease and defence for example, Macrolide specific efflux protein MacA, Acriflavin 

resistance protein and Multi antimicrobial extrusion protein (Na(+) / drug antibiotic family of  

MDR efflux pumps) categorized under multidrug resistance efflux pumps. Chromate transport 

protein ChrA, cadmium efflux system accessory protein, copper translocating p-type ATPase, 

copper – zinc – cadmium and transcriptional regulator Mer R family involve in resistance to 

toxic compounds. Ribosome protection type tetracycline resistance group 2, translation 

elongation factor G and fosfomycin resistance protein FosB involve in resistance to antibiotics 

[Table 4.14]. 
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Table 4.13. Genes involved in DNA metabolism 

Category Sub category Gene / Enzyme 

DNA metabolism CRISP Cmr Cluster CRISPR – associated RAMP Cmr3 

CRISPR – associated RAMP Cmr4 

CRISPR – associated RAMP Cmr1 

CRISPR – associated RAMP Cmr2 

CRISPR – associated RAMP Cmr6 

CRISPRs CRISPR – associated protein, Csd1 family 

CRISPRs CRISPR – associated protein Cas2 

CRISPR – associated protein Cas1 
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Table 4.14. Genes involved in Virulence, Disease and Defence  

Category Subsystem Gene / Enzyme 

Virulence, Disease and Defence Multidrug resistance efflux pumps Macrolide specific efflux protein MacA 

Acriflavin resistance protein 

Multi antimicrobial extrusion protein (Na(+) / drug antibiotic 

family of MDR efflux pumps 

Resistane to chromium compounds Chromate transport protein ChrA 

Cadmium resistance  Cadmium efflux system accessory protein 

Fosfomycin resistance Fosfomycin resistance protein FosB 

Copper homeostasis Copper translocating P-type ATPase 

Copper – Zinc – Cadmium 

resistance  

Copper – Zinc – Cadmium resistance protein 

Transcriptional regulator, MerR family 
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                                     CHAPTER 5: DISCUSSION 

           The Paenibacillus macerans represent the phosphate solubilizing and nitrogen fixing 

microorganism. This microorganism was used for the study entitiled Studies on “Comparative 

genome analysis of Paenibacillus macerans CMB402, CMB401 and CMB393.” In the present 

study, we firstly reported the detailed study of Paenibacillus macerans CMB402, CMB401 and 

CMB393 genome sequences and predicted several phosphate solubilization, nitrogen 

metabolism, antibiotic resistance and metal resistant genes.  

Genome Assembly and Annotation 

           Genome assembly refers to the process of placing nucleotide sequence into the right order 

(Foxman, 2012). One of the primary issues that have been discovered when utilising short-read 

sequencing methods is the huge number of contigs following assembly (Smits, 2019). The 

quality of de novo genome assembly may be evaluated using a variety of factors, including the 

number of contigs and scaffolds available and their sizes, the proportion of reads that can be 

assembled, and the contig N50 value, which is a frequently used to measure and evaluate the 

quality of assembly (Choudhuri, 2014).  

          In this study, N50 value of contigs of Paenibacillus macerans CMB402, CMB401 and 

CMB393 are 159232, 150671 and 144293. Paenibacillus macerans CMB402 strain had high 

quality draft assembly as compare to CMB401and CMB393 strain because it has high N50 value 

i.e., 159232. GC percentage of Paenibacillus macerans CMB402, CMB401 and CMB393 are 

52.88%, 52.87% and 52.75% and their genome size are 7142881 bp, 7144711 bp and 7319099 
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bp, respectively. The regions with 50–60% GC content obtaining the foremost coverage and 

regions with high (70–80%) or low (30–40%) GC content receiving considerably less coverage 

(Gnirke et al., 2009). Paenibacillus macerans ATCC strain has 53% of GC content and it's 

genome size is 7331450 bp which is almost similar to this study (Daligault et al, 2014). 

Paenibacillus macerans CMB402 has higher GC percentage that is 52.88 which showed higher 

coverage and better data quality. 

          The RAST annotation engine was created to annotate bacterial and archaeal genomes, and 

it works by providing a standard software workflow for detecting genomic characteristics (such 

as protein-encoding genes and RNA) and annotating their activities (Brettin et al., 2015). 

Furthermore, only 25% of total sequences fulfill the N50 contig scaffolding criteria, which 

measures how much of the genome is assembled into bigger contigs (Schatz et al., 2010 and 

Lewin et al., 2018). The number of contigs decreased by increasing the coverage and N50 value 

(Peng et al., 2014). The contigs were further assembled to scaffolds, in which the N50 value 

increased to 278921 bp of Paenibacillus macerans CMB402, 227313 bp of Paenibacillus 

macerans CMB401 and 228196 bp of Paenibacillus macerans CMB393. Paenibacillus 

macerans 3CT49 has 108 contigs, 6340 coding sequences and 120 RNAs (Olajide et al., 2020). 

However, in Paenibacillus macerans CMB402, number of contigs, coding sequences and RNAs 

are 69, 6985 and 99 respectively. In Paenibacillus macerans CMB401, number of 

contigs, coding sequences and RNAs are 79, 7013 and 97 respectively. In Paenibacillus 

macerans CMB393, number of contigs, coding sequences and RNAs are 210, 7161 and 96 

respectively. Based on genome assembly and structural genome annotation, Paenibacillus 

macerans CMB402 considered to be the best strain because it has highest N50 value of contigs 

and scaffolds, lower number of contigs and higher percentage of GC content as compared to
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Paenibacillus macerans CMB401, CMB393 and 3CT49 strain from which it conclude that if 

number of contigs are lower, than N50 stats value will increase. 

Annotated genes 

         The total number of genes in Paenibacillus macerans CMB402, CMB401 and CMB393 are 

7285, 7311 and 7798 from which 5946 hypothetical genes in CMB402, 5947 hypothetical genes 

in CMB401 and 5942 hypothetical genes in CMB393. PhoR, PhoU, PpaX, PhoH, glpQ and 

PhoB genes are annotated which involves in phosphate solubilization in all three strains of 

Paenibacillus macerans i.e., CMB402, CMB401 and CMB393. The total number of phosphate 

metabolism genes present in Paenibacillus macerans CMB402, CMB401 and CMB393 are 33, 

30 and 35, respectively. According to Beneit et al., 2015, some bacteria present (Pseudomonas, 

Bacillus) regulatory mechanism of inorganic phosphate that involves two regulatory systems 

called as pho regulon. The PhoP-PhoR involve in regulation of Pho regulon (Shi et al., 1999). 

Phosphate deprivation increased the expression of genes involved in phosphate absorption and 

organic phosphate solubilization, such as pst (Pi-specific transporter), phoA (alkaline 

phosphatase), glpQ (glycerophosphoryldiester phosphodiesterase), and ushA (nucleotidase) 

(Ishige et al., 2003 and Pragai et al., 2004).  All the three strains (Paenibacillus macerans 

CMB402, CMB401 and CMB393) involve in phosphate solubilization. 

          Paenibacillus macerans has also found to accommodate metal resistance genes that are 

ChrA and MerR which provide cadmium, zinc and copper resistance. According to Khan et al., 

2012, Paenibacillus species has also found to promote growth of plants in heavy metal polluted 

sites. The total number of nitrogen metabolism genes present in Paenibacillus macerans 

CMB402, CMB401 and CMB393 are 31, 31 and 32, respectively. NosD, NirC, glnA, NosY and 

NosL genes are involved in nitrogen metabolism. All the three strains of Paenibacillus macerans 
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accommodate these genes involve in nitrogen metabolism. According to Xie et al., 2014, some 

Paenibacillus species participate in nitrogen metabolism. glnA gene encoding the glutamine 

synthetase, gdhA gene encoding the glutamate dehydrogenase which play important role in 

ammonia assimilation in Helicobacter pylori (Mobley et al., 2001). 

          In Paenibacillus macerans CMB402 and CMB401 strain accommodate 10 CRISPRs array 

and in CMB393 strain CRISPRs array present are 17. However, in Paenibacillus larvae, 

DSM25430 strain accommodate 7 CRISPRs array (Stamereilers et al., 2021). Based on CRISPR 

array accumulation, Paenibacillus macerans CMB393 is the best strain because it has higher 

number of CRISPR array as compared to Paenibacillus CMB402, CMB401 and Paenibacillus 

larvae DSM25430 strain. CRISPR (clustered regularly interspaced short palindromic repeats) is 

a defensive system in prokaryotic cells that develops resistance to foreign genetic material, such 

as that found in plasmids or phages, by allowing them to identify and destroy the virus's DNA 

(Mohamadi et al., 2020). The Paenibacillus strain sp. E222 genome is 7.5 Mb in size, with a 

G+C content of 46% and 1 CRISPR/Cas System (Bastias, et al., 2020). 

Antibiotic resistance gene 

  The Comprehensive Antibiotic Resistance Database's Resistance Gene Identifier (RGI) 

was used to search for putative antimicrobial resistance genes in genomic sequences (McArthur 

et al., 2013). The vanI and LimA 23S ribosomal methyltransferase antibiotic resistance genes are 

identified in Paenibacillus macerans CMB402, CMB401 and CMB393 strains in this study. But 

fexA antibiotic resistance gene identified only in Paenibacillus macerans CMB402 and CMB401 

strains.  According to Pasari et al., 2019, Fosfomycin, vancomycin, tetracycline and many more 

antibiotic resistance genes are identified in Paenibacillus polymyxa A18. In staphylococci, the 

fexA gene codes for the florfenicol efflux protein (Kehrenberg et al., 2004). 



                                         Discussion 

 83  

Prophage 

           A prophage is a bacteriophage genome that has been introduced and integrated into the 

circular bacterial DNA chromosome or lives as a plasmid outside of the chromosome. 

Prophages, which may fill up to 20% of bacterial chromosomes and so give novel roles to their 

hosts, are a key source of new genes for bacteria (Wang et al., 2016).   

           Prophage carrying population might in fact benefit from the release of free phages, 

because they may infect and kill any competing phage susceptible cells so Paenibacillus 

macerans CMB402 and CMB401 strain is more advantageous than the CMB393 strain. In 

Paenibacillus macerans CMB402 strain accommodate six prophages from which two are intact 

means not damaged or impaired in any way. In Paenibacillus macerans CMB401 strain 

accommodate five prophages from which two are intact. In Paenibacillus macerans CMB393 

strain accommodate three prophages and all three prophages are incomplete. Similarly, in 

Paenibacillus larvae DSM25430 strain accommodate 12 prophages from which two are intact 

(Stamereilers et al., 2021). Because intact prophages are likely to destroy the cell when the lytic 

cycle is induced, vigorous selection for mutations that cause prophage inactivation should be 

made (Bobay et al., 2014).  

Visualization of comparative genome analysis 

          BLAST search of nucleotide sequence between strain 3CT49 of Paenibacillus macerans 

and other three strains that are Paenibacillus macerans CMB402, CMB401 and CMB393 

showed that 3CT49 strain has highest similarity with CMB402 (Figure 10(A)) using the BRIG 

program. Paenibacillus species A2 showed similarity with Paenibacillus elgii B69 (Zhang et al., 

2016).
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          Mauve aligns genomes in the same way regardless of input order by detecting multi-

MUMs in subsets of the genomes (Darling et al., 2004). The complete genome sequences of the 

sequenced strains were compared using Mauve to determine the evolutionary gap between them 

and various Paenibacillus polymyxa strains (Li et al., 2020). Paenibacillus macerans CMB401 

and CMB393 genomes have undergone more genome rearrangements and showed more 

deletions and inversions than CMB402 which further helps in evolutionary study.           

          All of the foregoing discoveries might lead to a better knowledge of Paenibacillus 

macerans CMB402, CMB401, and CMB393's genomic architecture, showing significant 

promise for this bacterium's use in agricultural and medicinal research. 
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          CHAPTER 6: SUMMARY AND CONCLUSION 

                   Paenibacillus macerans is a bacterium that aids in agricultural purposes through 

phosphate solubilization and nitrogen fixation. The first genome sequence of Paenibacillus 

macerans CMB402, CMB401, and CMB393 strains were acquired from European Nucleotide 

Archive for the paper Studies on “Comparative genome analysis of Paenibacillus macerans 

CMB402, CMB401, and CMB393."  

          The quality check was performed using the fastqc programme, which provided an html 

report that displayed the quality score and percentage of the GC content of readings from three 

distinct strains of same species: Paenibacillus macerans CMB402, CMB401, and CMB393. For 

the sequences of three strains of Paenibacillus macerans, quality control was performed using 

the NGS QC Toolkit, which was able to provide filtered reads in html report form, indicating 

how much better quality reads were present in certain sequences. The CMB402 strain of 

Paenibacillus macerans had a greater number of high-quality bases. Because Paenibacillus 

macerans CMB402 had a high N50 value of 159232, the assembled genome validation data 

showed that it had a high quality draft assembly. 

          RAST software was used to annotate the genome of Paenibacillus macerans. A total of 

7285 genes were annotated in the CMB402 strain, 7311 genes in the CMB401 strain, and 7798 

genes in the CMB393 strain. Genes involved in phosphate metabolism (SphR, PhoU, PhoP, 

PhoH, and SphS), nitrogen metabolism (NosD, NirC, NosY, NosL), virulence, and defence 

metabolism were identified in these strains. CARD (Comprehensive Antibiotic Resistance
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Database) was utilized to find antibiotic resistance genes. Paenibacillus macerans CMB402 and 

CMB401 had three antibiotic resistance genes (vanI, LimA 23S ribosomal methyltransferase, and 

fexA), whereas CMB393 had just two (limA 23S ribosomal methyltransferase and vanI). The 

discharge of free phages may actually benefit prophage-carrying populations. The phaster 

database was used to find or investigate prophage. Paenibacillus macerans CMB402 had a larger 

number of prophage (6 in total) as comparison to Paenibacillus macerans CMB401 (5 in total) 

and Paenibacillus macerans CMB393 (3 in total). Plasmid Finder was used to identify plasmids. 

This database revealed that none of the three strains of Paenibacillus macerans had plasmids.           

          Two software programmes were utilised in the comparative analysis study: BRIG (Blast 

ring image generator) and Mauve. These three strains have 100 percent identity against the 

genome's reference sequence (Paenibacillus macerans 3CT49) at maximal places or bases, but 

less than 50 percent identity at a few base locations. Paenibacillus macerans CMB402 had a 

greater level of similarity to the reference genome than Paenibacillus CMB401 and CMB393 

strains. Mauve might be a programme that attempts to align sequences in different species that 

evolved from a common ancestral sequences and xenologous sections of sequences that have 

undergone local and large-scale changes. The genomic rearrangement in Paenibacillus macerans 

CMB402 was less inverted and had fewer breakpoints. 
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Conclusion 

               Finally, this research concluded that Paenibacillus macerans CMB402 has an excellent 

strain as comparison to Paenibacillus macerans CMB401 and CMB393 because it accommodate 

genes related to phosphate solubilization (PhoR, PhoB, PhoU, glpQ, PhoH), nitrogen 

metabolism (NirC, NosD, NosY, NosL, glnA), metal resistant (ChrA, MerR) and antibiotics 

resistant (fexA, vanI, and LimA 23S ribosomal methyl transferase), which are involved in illness 

and defense mechanisms, according to the findings. It has a higher GC percentage (52.88%), 

high quality draft assembly (N50 Stats is 159232) and 2 intact prophages. Paenibacillus 

macerans CMB402 genome had undergone less genome rearrangements and showed less 

deletions and inversions than other strains. But based on CRISPR array, Paenibacillus macerans 

CMB393 has an excellent strain because it has 17 CRISPR array encoded genes which involve in 

defensive system. Paenibacillus macerans CMB402 might play a significant role in the future in 

agricultural area for phosphate solubilization, nitrogen fixation and also used for agricultural 

land which is saturated with toxic heavy metals, their genes will be manipulated for enhancement 

of these activities and in biomedical field for the use of antibiotic resistant genes.
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