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Abstract
In the pre-genomic era, microbes have been used for hundreds of years due
to their applications in products such as bread, beer and wine. The use of these microbes in biotechnology is only possible when scientists know the mystery about
this tiny creature. In the post-genomic era, thousands of whole genome sequences
along with advanced analysis tools, techniques and technologies have been developed for the exploration of hidden potentials in these microorganisms. In this chapter, we summarize the timeline and advancements in microbial genomics made in
the post-genomic era. Microbial evolution through 16S rRNA, bacterial genome
sequencing boost by Next-generation and third generation sequencing technologies
has also been discussed. Comparative genomics approaches to identify industrial
microbes, pathogenic, non-pathogenic, rare and uncultivated microbes have also
been described. Pangenome analyses for exploring the genome diversity and plasticity. Finally, reverse vaccinology and subtractive genomics approaches have been
discussed in the context of its potentials to identify putative vaccine and drug targets.
Keywords: Post-genomics era; Comparative genomics; Phylogenomics; 16s rRNA; Next-generation sequencing; Pathogenomics; Computational tools; Reverse Vaccinology

1. Introduction
Microbes originated around four billion years ago when the earth was hotter and the
environment was anoxic. These old inhabitants of the globe are considered as the foundation
of the biosphere in both environmental and evolutionary perspectives. These omnipotent crea-
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tures occupy 60% of the earth's biomass. They make their own status by using their high adaptability powers. They are found in extreme environments such as hot springs, marshy places,
molten lavas, and Antarctica regions where no other living organism can survive. Moreover,
they have huge industrial, medical, forensics and environmental applications. Therefore, after
realizing their importance microbiologists tried to explore microbes for their own benefits.
However, that was not an easy task. Scientists spend years to perform the morphological and
molecular characterization of microbes. Pre-genomic era was difficult because of difficult and
costly sequencing techniques. Fortunately, advancements in genomics has now revolutionized
every aspect of microbiology. Now after twenty years of first bacterial genome sequencing,
it is necessary to find out what we did and what we have to do in this post-genomic era. Pregenomics era started from the quest of sequence and about finding phylogenetic relationships
among microbes and other organisms. The era ended in 1995 when first free-living microbe
Haemophilus influenza was sequenced by using Whole-genome shotgun sequencing technology. However, the post-genomic era is going to extend over several generations and we will
get the fruit of hard work of pre-genomic era in the post genomic era [1].
We have presented a brief history of different events that occurred in last two decades in
the chronological order as shown in Figure 1. This timeline highlights the progress of sequencing in twenty-two years. From 1995 to 2017, development of advanced sequence technologies
such as Next-generation sequencing (NGS) has greatly influenced the microbial genomics. In
the past, laborious microbiology and molecular techniques were used for classification and
characterization of microbes but now bioinformatics is an alternative to those microbiology
and molecular techniques. This approach used to dig out the information about antibiotic resistance, microbial diversity, and to understand microbial communities and their genetic make-up
[2].
Due to the advancement of computational approaches, there is huge data in the form of
sequences available in different databases like UniProt, NCBI, and GOLD, etc. that is obtained
from thousands of environmental microbes, pathogenic bacteria, and other industrially important bacteria. The total number of genome sequences available at NCBI are shown in Figure
2.
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Now, annotation and analyses of these sequences are quite difficult for microbial bioinformaticians as compared to producing sequence data. They require more advanced and sophisticated data handling pipelines to analyze and interpret genomic or proteomic data. A general
way of analyzing data requires commands run on programmes like Ubuntu or Linux operating
systems [2]. For quick microbial genome annotation, differently advanced pipelines include
RAST, PATRIC, command like software PROKKA, MicroScope etc. are used. Moreover, for
metagenomics analysis MG-RAST, EBI metagenomics and Prokaryotic Genome Annotation
Pipeline has been developed by NCBI which is capable of analyzing >2000 prokaryotic ge-
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nome per day [3]. There is only 13-15% of available data of prokaryotes in public databases.
There is still a need to discover new environmental microbes to explore more about these tiny
creatures’ secrets [4]. However, microbes are not easy to culture in the lab because of numerous factors e.g. temperature, fastidious growth, oxygen requirements etc. therefore only less
than 1% can be cultured. It was difficult to explore those un-cultured microbes. However, due
to advancement in sequencing technology and computational methods, microbial genomes
can be obtained directly from environmental samples and sequenced. By using these techniques, we got 8000 genomes that get us closer to the comprehensive genomic representation
of the microbial world [5]. There are two categories of post-genomic studies of microbes that
include: (a) Direct sequence analyses studies based upon analysis of the genomic sequence
information (b) Indirect sequence analysis require only some part of genomic sequence information. Direct sequence analyses enable us to analyze bacteria at the genomic level and help
in the determination of small differences like single nucleotide polymorphisms (SNPs) [6].
Timeline of microbial genomics in post-genomic era

Figure 1: Microbial genomics over the decades: This timeline shows advancements in microbial genome sequencing
in chronological order. The concept of the sequencing of microbes started in the nineties (pre- genomic era). In 1995,
nonpathogenic H. Influenza sequencing by Craig Venter and his team was responsible for the inauguration of postgenomic era. Advanced genome sequencing technologies like Next Generation and Third Generation sequencing boost
the microbial DNA sequencing.
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Figure 2: Available genome sequences in GenBank (NCBI) increased with the invention of new sequencing technologies (Source: www.ncbi.com).

2. Advancements in Sequencing Technologies in Post-Genomics Era
2.1. DNA sequencing
Determining the order of amino acid residues in polynucleotide chains revealed the
information about hereditary material and biochemical properties that led to exploration of
bacterial communities, their evolution and interaction with each other [7,8]. A milestone of
DNA sequencing is shown in Figure 3.

Figure 3: Advancements in microbial genome sequencing technologies in post-genomic era: Whole genome shotgun
sequencing requires laborious sample preparation. High throughput sequencing gives high accuracy but short read
lengths while single molecule sequencing gives low accuracy with long read lengths.

2.1.1. Whole genome shotgun sequencing
In 1995, Craig venter and co-workers at TIGR, presented the whole genome sequence
for Haemophilus influenza [9] and Mycoplasma [10]. In this method, genomic DNA is subjected to random fragmentation and libraries are produced in E.coli. These clones are sequen
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ced and computationally compared with sequence reads and the matching sequences are assembled [11]. DNA sequencing had some pitfalls; since amplified templates are produced in a
single step, certain DNA stretches may skip replication well in E.coli [12].
2.1.2. High throughput sequencing or next generation sequencing
Earlier sequencing methods created draft genomes with approximately $50,000 cost.
With the advancement in sequencing technology it has reached $1 cost which has revolutionized the microbial genomics [13]. Discovery of restriction enzymes by Hamilton smith and
co-workers proved to be a significant event without which Next- generation DNA sequencing
would not have been possible. DNA strand to be sequenced are cleaved with RE’s to provide
specific ends that function as initiating points for sequencing [11]. In 2000’s Next-Generation
Sequencing was introduced with 100-fold throughput using 454-pyrosequencing approach.
Afterward, Illumina and ABI SOLiD were introduced. High-throughput sequencing or Nextgeneration sequencing can sequence multiple DNA molecules in parallel due to which millions
of DNA molecules can be sequenced at a time and at low cost. Next-generation sequencing
produces short read length which leads to the taxonomic classification of microbes [14]. The
principle behind these technologies is a detection of emission light from the sequenced DNA
while Ion torrent was introduced later that detects hydrogen ion [15]. Thus high-throughput
sequencing technologies enable us to determine cellular genomics, the transcriptomic signature of various diseases and novel variants responsible for many diseases [16]. HTS provide
insights into the genetic and phenotypic diversifications among closely related bacterial infection like Mycobacterium abscessus, Pseudomonas aeruginosa, Staphylococcus aureus, Mycobacterium tuberculosis etc [13].
Different commercially available sequencing platforms include; Illumina’s platforms, Ion Torrent, 454 and Pacific Biosciences Real Time Sequencer. Illumina platforms have
HiSeq2000 and MiSeq that perform an ultra-high-throughput analysis. These machines were
tested against 24 host-associated and free-living microbial communities. HiSeq2000 allow
large DNA parallel sequencing at low cost, while MiSeq is convenient for smaller projects
[17]. Loman NJ and his team compared three benchtop high throughput-sequencing instruments included 454 GS, MiSeq (Illumina) and Ion Torrent PGM [18] by sequencing of Escherichia coli O104:H4 to know their efficacy. These sequencers can generate bacterial genome
sequence data, can identify and characterize bacterial pathogens. They reported that MiSeq
had the highest throughput run as compared to Ion Torrent PGM and 454 GS [18]. Another
study conducted to characterize Helicobacter pylori genome revealed that Illumina Nextera
XT sequencing machine produced more accurate multi-locus sequence type in less time and
cost as compared to MiSeq and Ion Torrent [19]. In clinical settings, high throughput sequencing technologies are widely used and also used to determine microbial community diversity in
food industry during douche-koji making fermentation and in 62 Irish artisanal kinds of cheese
5
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[20,21].
2.1.3. Advanced genomics with single-molecule real-time (SMRT) sequencing
To overcome second generation sequencing problems that included short read length
(30-450bases), errors due to short read lengths, and laborious sample preparation methods; a
newer system was introduced by Pac Bio’s that is SMRT sequencing after 2007 [15]. Single
molecule (SMRT) sequencing is a third- generation sequencing technique, which enables realtime observation of base sequences from individual strands of DNA or RNA [22,23]. Second
generation sequencing provides a longer sequenced read length, flexibility, lower cost and
higher throughput. In SMRT technology, the polymerase enzyme is affixed at the bottom of
Zero-Mode Waveguide (ZMW) nano-holes. Polymerase incorporates fluorescently labeled
bases to DNA template and makes immobilized complex at bottom of well. Detectors detect
emitted lights as fluorescents base combines with the template [15]. Single-molecule real-time
(SMRT) DNA sequencing allows detection of chemical modifications. For example, methylation was detected in E.coli [24].
2.1.4. Oxford nanopore sequencing
Nanopores sequencers are also based on single molecule concept but it detect bases
without labels, produces long reads, relatively fast and with low GC bias errors. The principle
of this technology is tunneling of molecules (polymer) through a pore that separates two sections. This allows identification of specific molecules. Oxford nano-pore has the MinION system that is real-time analyzer of DNA or RNA [25].
Next Generation Sequencing (NGS) Tools
Software mostly commonly use in Next generation sequencing are listed below in Table 1.
Table 1: NGS Tools
Sr. NO.

Tool

Function

Web Link

Reference

1.

mrsFAST

Map short reads, SNP-aware Mapping,

http://mrsfast.sourceforge.net.

[26]

2.

ContextMap

Is RNA sequence mapping algorithm, identification of indels

http://www.bio.ifi.lmu.de/ContextMap

[27]

3.

SOAPsplice

Detects splice junction sites from
RNA-seq

http://soap.genomics.org.cn/
soapsplice.html

[28]

4.

Bowtie2

support ultra-fast and memory efficient sequence alignment of local,
gapped and paired end modes

https://sourceforge.net/projects/bowtie-bio/files/latest/
download?source=files

[29]

5.

NextGenMap
(NGM)

Read mapping program, memory
efficient

http://cibiv.github.io/NextGenMap/

[30]
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3. Genome Overview and Browsers
Thousands of genomes are sequenced so far but the follow-up knowledge is still very
limited. Structural genomics plays a vital role in understanding the molecular genetics by providing insights into genomic DNA functional stretches [31]. The collection of all genetic material from species is termed as pangenome and could estimate with bioinformatics tools. Data
could be visualize and analyze via various online genome browsers [32]. Genome browsers
are visualization programs from which researchers can search, retrieve and analyze genomic
sequences efficiently and conveniently [33]. Web-based Genome browsers are classified as
‘Species-specific genome browser’ and ‘general genome browsers’. Species-specific genome
browsers work on one specific organism while the general genome browsers deal with multiple
species. Different genome browsers have different retrieval systems. For example, Ensembl
employ BioMart system [34], UCSC system employs table browser [35].
Table 2: List of web-based general microbial genome browsers
Sr. No.

Browser

Description

Web Link

1.

NCBI

Provides free access to books of biomedical sciences, microbes

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

2.

Ensembl

Genome browser for bacteria, fungi, protists,
metazoan, vertebrates, annotate genes, predict
regulatory functions and multiple alignment

http://www.ensembl.org/

3.

Genome Projector

Hundreds of bacterial genomes with circular and
linear maps

http://www.g-language.org/g3/

4.

UCSC

Graphical web-based browser, gene annotation
and expression, integrates bacterial and archaeal
specific tracks

http://archaea.ucsc.edu

5.

(Integrated Microbial
Genome) IMG

Visualization software tool, Distribute data to public, provide the facility of panning, focus zooming
and jump zooming

http://bioviz.org/igb

Table 3: List of web-based microbial species-specific genome browsers
Sr. No.

Browser

Species

Web Link

1.

Saccharomyces cerevisiae
Genome Database(SGD)

Saccharomyces cerevisiae

https://www.yeastgenome.org/

2.

Paramecium Database
(ParameciumDB)

Paramecium tetraurelia

http://paramecium.cgm.cnrs-gif.fr/cgibin/gbrowse2/

3.

DictyBase

Dictyosteliumdiscoideum

http://dictybase.org/db/cgi-bin/ggb/
gbrowse/

4.

CyanoBase

Cyanobacteria

http://genome.kazusa.or.jp/cyanobase

5.

The Legionella Genome
Browser (LGB)

Legionella pneumophila

http://genolist.pasteur.fr/LegioList/

6.

The Enterobacter Genome
Browser

Enterobacters

engene.leibniz-fli.de/

7.

The Xanthomonas Genome
Browser (XGB)

Xanthomonas

xgb.leibniz-fli.de/
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3.1. Functionalities and features
High-throughput sequencing and high-performance computing provided with enormous
genomic data and web-based genome browsers freely distribute this immense volume of data
to researchers. These genome browsers accumulate entire data from different platforms and
present it graphically [36]. Images, graphs, cycles, pathways, maps etc are drawn to aggregate
the data to present information in less complicated manner to overcome the burden of servers
[37].
3.2. Data retrieval and analysis
Data Retrieval and analysis are one of the principle attributes of genome browsers. Different browsers apply different approaches for data retrieval. For example, UCSC present the
data in tabular form and ABrowse project apply BioMart system [34].
IGB employ MACS to analyze the results obtained from ChIP-Seq [38]. Genome browsers integrate with other platforms in order to provide better results. Genome browsers provide
a platform where researchers collaborate to share their ongoing researches, discoveries and
discuss their projects [39].
4. Advanced Computational Tools for Microbial Genomics in Post-Genomic Era
Table 4: Computational tools and their functions
Sr. No

Tool

Function

Web Link

Ref

1.

BLAST

Infer evolutionary and functional relationships

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

[40]

2.

KEGG

An integrated database resource, provides genomic, chemical and systemic information

http://www.kegg.jp

[41]

3.

WebACT

Database provide sequence comparisons between
all prokaryotic genomes

webact.org/WebACT/home

[42]

4.

MUMmer

Provide ultra-fast alignment of genomes

tar -xvzf MUMmer3.0.tar.gz

[43]

5.

BASys

(Bacterial Annotation System)Provides automated bacterial genomic sequencing

http://wishart.biology.ualberta.ca/basys

[44]

6.

Microbial
Genome
Viewer
(MGV)

Generate linear and wheel maps for data obtained
from annotation and transcriptomic

http://www.cmbi.kun.nl/
MGV

[45]

7.

GeneWiz

Predict linear or circular genome atlas, by genetic
and physical properties of genome, one can make
the diagram

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

[46]

8.

GeneMark

Gene prediction in bacteria, metagenomes, metatranscriptomes, and archaea

http://opal.biology.gatech.
edu/GeneMark/

[47]

(CGV)

Circular Genome Viewer (CGV) generate static
and graphical maps of Circular DNA, providing facilities of zoom in, labeled features and
hyperlinks

http://stothard.afns.ualberta.
ca/cgview_server/

[48]

9.

8

Advances in Biotechnology

10.

SignalP

Infer the presence and location of signal peptide
cleavage site in nucleotide sequences among different organisms

11.

Prokka

Provides genome annotation for bacteria, archaea
and viruses

http://www.bioinformatics.
net.au/software.prokka.shtml

[50]

12.

LASTTRAIN

Accuracy of sequence alignment improved by
inferring better score parameters and re-align

http://last.cbrc.jp/

[51]

13.

Harvest
suite (parsnp, gingr)

Core genome alignment and visualization tool

HarvestOSX64v1.1.2.tar.gz

[52]

14.

ClonalFrameML

Infers recombination in bacterial genome

https://github.com/xavierdidelot/ClonalFrameML

[53]

15.

POGO-DB

Provides microbial genomic comparison and
visualization tool

http://pogo.ece.drexel.edu

[54]

http://jspecies.ribohost.com/
jspeciesws.

[55]

(SRST2)

Short Sequence Typing for Bacterial Pathogens
(SRST2) detects genes, alleles and MLST from
whole genome sequencing data

http://katholt.github.io/srst2/

[56]

18.

GUBBINS

Genealogies Unbiased By recomBinations In
Nucleotide Sequences Identifies loci containing
base substitution and generate phylogenetic tree
based on point mutations

Sanger-pathogens.github.io/
gubbins/

[57]

19.

SpeciesFinder

Predicts the species of a bacterium from complete
or partial pre-assembled genomes

http://cge.cbs.dtu.dk/services/SpeciesFinder

[58]

20.

Velvet

Genome assembler, for short read sequences,
remove errors and generate unique contigs

https://www.ebi.
ac.uk/~zerbino/velvet/

[59]

21.

FgenesB

Bacterial Operon and gene prediction

http://linux1.softberry.com/

[60]

22.

SPARTA

SPARTA (Simple Program for Automated reference-based bacterial RNA-seq Transcriptome
Analysis) analyzes differential gene expression,
perform quality analysis of the data sets

sparta.readthedocs.org

[61]

23.

OrthoANI

OrthoANI(Orthologous Average Nucleotide
Identity) measures overall similarity between two
genome sequences

http://www.ezbiocloud.net/
sw/oat.

[62]

24.

Oufti

Quantitative analysis of bacterial count and fluorescent signals

http://www.oufti.org/download/

[63]

25.

Orione

Conduct NGS data analysis and annotation by
quality control of reads and their trimming

http://orione.crs4.it

[64]

26.

VacSol

Scrutinize the whole bacterial pathogen proteome
to identify a vaccine candidate proteins

https://sourceforge.net/projects/vacsol/

[65]

16.

17.

JSpeciesWs

Identifies similarity b/w two genomes,
measures average nucleotide identity,
analyze correlation indexes of tetra-nucleotide
signatures
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5. Microbial Phylogeny and Evolution
Early life on earth was most probably consisted of RNA. According to endosymbiotic
theory, archaea was the ancestor and they engulfed mitochondria from gram-negative bacteria
or chloroplast from cyanobacteria that lead to the evolution of eukaryotes [66]. Phylogenetic
analyses were necessary to explore the microbial diversity, their ecological or niche adaptation, pathogenic potential of unknown microbes, their ability to produce different types of
natural products like enzymes etc. The term “Phylogeny” is derived from two Greek words
Phylon meaning “clan or race” and genesis meaning “origin”. Therefore, it is the study of the
evolutionary history of the organism [67].
Researchers used many approaches for classification of microbes. In 1759, Linnaeus
tried to classify all living things and developed the binomial system (Genus species). He divided the world into Animal, Vegetable, and Mineral and put all the microscopic life in one
genus i.e. Chaos. In the 1980’s, neo-Darwinian evolutionary theory explained the evolution
of plants and animals over the last 560 million years but did not discuss the evolution of microorganisms. Therefore biological scientists from last two decades aimed to build a universal
phylogeny [68]. Whittaker in 1969 gave five-kingdom system based on modes of nutrition like
photosynthesis, adsorption, and ingestion. The five-kingdom system included Plants, Animals,
Fungi, Protists, and Bacteria. However, it did not describe the origin of species. Therefore,
microbiologists tried to classified microorganisms on the basis of their morphological, molecular, physiological and metabolic characters. Carl Woese and his coworkers in the 1970s
proposed the “Universal tree of life” including Archaea, bacteria, Eucarya (figure 4) using 16s
rRNA molecular approach for phylogenetic analysis. Phylogenetic analysis increased due to
rapid advancements in biology and computational field, which led to the availability of huge
genomic data about microbes [69].

Figure 4: "The Universal Tree of Life" by Carl Woese and co-workers
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5.1. Different approaches to construct phylogenetic tree in post-genomic era
The phylogenetic relationship can be determined using morphological (cell size, shape
etc.), physiological, molecular (based on genetic material) and comparative genomic approaches. These methods include analyzing the shared gene content, gene order, construction of different phylogenetic trees etc. Due to the limited morphological and physiological characters,
along with substantial number of variations among closely related taxa, scientists preferred
molecular data. Initially, phylogenetic molecular markers included DNA sequences located on
chromosomes and ribosomal RNA gene sequences [69]. Different bacterial genome sequenced
after 1995 centered on sequenced data. Based on 16s rRNA sequencing proteobacteria were
classified. Proteobacteria are considered as the largest taxonomic group because they comprise
50% of all cultured bacteria. Based on its branching in 16sRNA trees they are divided into
five classes; alpha (covers 12% proteobacteria), beta (8%), and gamma (26%), while delta and
epsilon covers other 4% [70].
Molecular markers 16s rRNA and rpoB genes (rplB, pyrG, fusA, leuS and rpoB) are
compared for Actinobacteria, Bacteroides, Proteobacteria, and Cyanobacteria. Results revealed
that rpoB markers were good in detecting minor groups among microbial assemblages [71]. A
bulk of sequences allowed scientists to use comparative genomic approaches for phylogenetic
study. Ludwig and Schleifer reconstructed the phylogeny of prokaryotes based on comparative
sequence analysis of small subunit rRNAs [72]. Phylogenetic relationship of Streptococcus
to other species was determined by using comparative genomic approaches. Moreover, these
approaches were also used for identification and functional classification of homologous clusters, pan-genome analyses, population structure and virulence factors [73].
5.2. Reasons of evolution of microbes and horizontal gene transfers (HGTs)
Evolution of infectious species can also be determined using 16s rRNA sequences. Derrick and his Co found genus Leptospira pathogenic bacterium with the help of comparative
genome analyses. They did pan-genome analyses, 16s rRNA gene sequencing, In-silico DNADNA hybridization, metabolic reconstruction and related gene clusters. They reported that
Leptospira originated from noninfectious species and adapted different metabolic pathways
that became the cause of infection. They also find out a unique signal responsive pathway,
gene expressions and chemotaxis systems [74]. Different prokaryotic group’s evolution is due
to horizontal gene transfer (HGT). In HGT, microorganisms transfer genetic material from one
species to other species. Mostly housekeeping genes are involved in HGT. It is an adaptation
process and strongly influenced by environment. As earth’s environment changed with the
passage of time, microorganisms acquired more foreign genes to cope up environmental conditions [75].
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5.3. Different phylogenetic molecular markers
Advancement in genomics has led to increasing number of full genomes and gene sequence data resulting in identification of various phylogenetic molecular markers other than
16s rRNA. These include elongation and initiation factors, large subunit rRNA, RNA polymerase, subunits of proton translocation ATPase, DNA gyrase, recA, aminoacyl tRNAsynthetases and so on. Most widely used molecular markers include nuclear ribosomal genes (18S
rRNA in eukaryotes and the 16S rRNA in others and large subunit contains the 5S and 23S
rRNAs) and more powerful markers in resolving species level phylogenies i.e. mitochondrial
genes (cytochrome oxidase I and II (COI/II)), EF-1α, rpoA gene, lux Gene, Nuclear H3, recA,
rpoB, rpoC1 etc. These markers can resolve phylogenetic relationship at deep levels of evolution [76]. Secondary structure can also be used for multiple sequence alignment. Le Q and co
proposed QuanTest,a fully automated system for protein MSA [77]. However, these markers
are more complex. In addition, phylogenetic trees derived from such markers may vary from
one another. Therefore, phylogenetic trees of microbes derived from single gene i.e. small
subunit rRNA is considered as universal [72].
5.4. Challenges and opportunities for phylogenetic tree reconstruction
Different molecular phylogenetic analysis predicted lateral gene transfer between closely related prokaryotes as well as distantly related prokaryotes. This lateral gene transfer became a hurdle in the understanding of exact evolutionary track of microorganisms. In addition,
computing cost involved in the reconstruction of an evolutionary tree. Fortunately, with the advancement in the computational field this hurdle has been overcome. Advancement from16S
rRNA genome sequencing to DNA sequencing platform has led to increased number of available sequence data for phylogenetic analysis. Thus, in the post genomic era, a large number of microbial sequences are available in public domains, continuous advancement in high
throughput DNA sequencing techniques and the introduction of new phylogenetic inference
methods has occurred. These three points provide a challenge and opportunity simultaneously
to the researchers to study evolution, ecology, and taxonomy of microbes. One strategy to
organize a large set of data in the form of hierarchical distance tree is by using single copy ribosomal protein marker distances. In this tree protein distance measures dissimilarity between
the same kinds of markers and measures genomic distance average by ignoring the outlier. As
a result, 60,000 organized genomes in a marker distance tree obtained, which result in >6000
species level clade and represented as 7597 taxonomic species. These findings will help the
researchers to get pre calculated genomic group [78].
5.5. General steps for phylogenetic tree construction
There are four steps for phylogenetic tree construction of molecular sequences shown in
Figure 5.
12
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Figure 5: Four general steps of constructing phylogenetic tree

5.5.1. Selection of suitable phylogenetic markers
The phylogenetic marker is coding or non-coding DNA fragment (locus) used in phylogenetic reconstruction. These phylogenetic markers for microbes include nuclear encoded
genes (like 16S rRNA, 5S rRNA, 28S rRNA), mitochondrial (cytochrome oxidase, mitochondrial 12S, cytochrome b, control region) and few chloroplast encoded genes (like rbcL, matK,
rpl16) (67). Selection of suitable phylogenetic marker is crucial to study molecular evolution
like duplications of genes, mutations, loss or gain of genes, genetic exchange such as recombination events, re-assortment, and horizontal or lateral gene transfer. For an ideal marker it
should contain following characteristics:
(a) Single gene should be preferred over multiple genes e.g. use of mitochondrial and nuclear genes.
(b) Marker gene is aligned prior to phylogenetic tree construction; therefore, sequence
alignment should be easy and without any ambiguous alignments.
(c)

The substitution rate should be optimum to avoid saturation of multiple substitutions.

(d) Primers should be available for amplification of marker genes and universal primers be
avoided since they may cause contamination in marker genes.
(e)

Markers with too much variation in bases may not represent the true lineage [79].

5.5.2. Retrieval of molecular sequences from database
Molecular data can either be obtained from nucleotide or protein databases. This depends upon chosen organism/s.
5.5.3. Multiple Sequence Alignment (MSA)
Multiple Sequence Alignment (MSA) is for two or more than two molecular sequences.
Purpose of MSA is to determine homology and evolutionary relationship between the under
study sequences. Different types of alignment homology are obtained after multiple sequence
alignment, shown in Figure 6.
13
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Figure 6: Different types of alignment homology. ''x" represents an aligned amino acid residue, and “o” is an unalignable residue, ‘’--‘’ represents a gap. (A) Global sequence alignment (for comparing homologous genes) (B) Local sequence alignment (for finding homologous domains) (C) Long internal gaps.

There are different computer programs for multiple sequence alignment that are listed
in Table 5.
Table 5: Computational tools for Multiple Sequence Alignment
Sr.No.

Tool

Year

Web link

Ref

1.

T-Coffee

2000 & new version in 2008

http://tcoffee.crg.cat/

[80]

2.

MUSCLE

2004

https://www.ebi.ac.uk/Tools/msa/muscle/

[81]

3.

Kalign

2005

https://www.ebi.ac.uk/Tools/msa/kalign/

[82]

4.

ClustalW

2007

http://www.clustal.org/

[83]

5.

FAMSA

2016

http://sun.aei.polsl.pl/REFRESH/famsa.

[84]

6.

MAFFT

2017

http://mafft.cbrc.jp/alignment/server/large.
html

[85]

7.

HAlign-II

2017

http://lab.malab.cn/soft/halign/

[86]

5.5.4. Phylogenetic tree construction and evaluation
A phylogenetic tree is a graphical representation of the evolutionary relationships among
genes or organisms. Phylogenetic tree is constructed when homologous residues aligned. Different methods or algorithms used to develop phylogenetic tree are distance based method,
maximum parsimony, maximum likelihood and Bayesian models. Distance-based method
does not use sequences directly while other three methods use sequence information, therefore, known as character-based methods shown in Figure 7 [67,87].

14

Advances in Biotechnology

Figure 7: Different Phylogenetic Tree Construction Methods; UPGMA (Unweighted Pair Group Method with Arithmetic) proposed in 1958 by Sokal and Michener, Neighbor-Joining by Saitou and Nei (1987), Maximum parsimony by
Henning (1966),maximum likelihood method by Felsenstein (1981).

5.5.5. Phylogenetic tree evaluation
Phylogenetic tree evaluation is necessary for the validity of tree and its shape. The phylogenetic tree represents species phylogeny if species under study are evolved from common
ancestor. Branch length in the tree represents evolutionary distance that is tentatively correlated with evolutionary time. Therefore, branch length determines rate of evolution, gene duplication, and speciation events. Moreover, percentage of each external branch is calculated by
bootstrapping method. If branch point scores or bootstrapping values is higher (approximately
90% or greater) then it predicts accurate tree. About 500-1000 times bootstrapping is required
for reliable results. Other different statistical tests like Jackknifing, Kishino-Hasegawa test,
Bayesian analysis and Shimodaira-Hasegawa employed to check the reliability and to confirm
which tree is better. The Bayesian analysis is very fast and involves thousands of steps of resampling the results [66]. In an evolutionary tree, there are operational taxonomic units (OTUs)
defined as the set of OTUs joined by the same ancestor or parental node [88]. Single 16S rRNA
used to differentiate operational taxonomic units (OTUs)(89). How to interpret an evolutionary tree is shown in Figure 8.
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Figure 8: Interpretation of Evolutionary Tree

6. Comparative Genomics of Microbial Pathogens
Comparative genomics is a holistic approach that compares two or more than two genomes to identify the similarities and differences among the genomes and to study the biology
of genomes. Comparative genome analysis can find out the different perspectives of organisms
as shown in Figure 9 [90].
In post-genomic era, comparative genomics has been widely used to distinguish pathogenic and non-pathogenic species; it helped identify virulence factors and genes involved in
pathogenicity by sequence analyses [6,91]. More than 1800 bacterial genomes have been sequenced including Escherichia coli O157:H7, Vibrio cholerae, Staphylococcus aureus, Streptococcus pneumoniae, Clostridium difficile and Mycobacterium tuberculosis on which comparative genomics approaches can be applied [92].
Different applications of comparative genomics include gene identification, finding regulatory motifs, in the field of molecular medicine and molecular evolution, selecting model
organisms, in clustering of regulatory sites, finding genomic islands, selection of industrially
important organism and much more which still need to be explored [93]. These comparative
genomes approaches used to differentiate between the multi-drug resistant pathogen S. maltophilia and the plant-associated strains S. maltophilia R551-3 and S. rhizophila DSM14405.
S. maltophilia contained heat shock proteins and virulence factors that were absent in plantassociated strains [94]. Another disease leptospirosis is a globally widespread zoonotic disease
with important health consequences for humans and domesticated animals. This genus Leptospira is divided into infectious species for mammals and non-infectious species. Comparative genomics studies revealed that infectious Leptospira contained novel virulence modifying
proteins, CRISPR-Cas systems and different metabolic pathways like pathogen-specific porphyrin metabolism while non-infectious species did not have these adaptations [74].
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Figure 9: Overview of utilizing computational approaches for analysis of pathogen genome

6.1. Comparative genomic approaches

Comparative genomics considers many approaches for obtaining reliable results. Genome size is an important approach in comparative genomics. Genomic statistics include a
number of coding regions, number of chromosomes, GC and AT contents, genome structure,
and genome density. For example, genome size of soil-living bacteria has bigger than endosymbiotic bacteria. In addition, while transformation from free-living bacteria to pathogens
they gain or lose number of genes. Comparative genomes studies consider these genomic
statistics to find out the genomic differences and their reasons. These genomic statistics varies
from species to species and even strains to strains [32]. In recent years, increasing number of
available genomic information of multiple pathogenic and non-pathogenic bacterial species is
also evident that genomic acquisition and reduction have an important role in evolution and
pathogenecity. For example, human pathogens Escherichia coli, Mycobacterium tuberculosis
and Helicobacter pylori cause diseases due to genome shifting [95].
Another important approach is finding homologous proteins (including orthologous and
paralogous) that remains a challenge for researchers. For this purpose, protein sequences comparison is considered as the powerful tool. This comparison is based upon protein sequences
of different species to trace back evolutionary history of many species. Computational tools
BLAST, and other clustering tools k-means, affinity propagation, Markov clustering, FORCE,
as well as transitivity clustering can be used for finding homologous estimation. In addition,
identification of protein-protein interactions plays a vital role in determining biological processes within cells and characterizing those proteins that involved in pathogenicity. Differentproteome-wide common conserved protein-protein interactions (PPIs ) for different pathogenic
and non-pathogenic bacteria included C. pseudotuberculosis, C. diphtheriae, C. ulcerans, M.
tuberculosis, Y. pestis and E. coli was determined [32].
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6.2. Microbial pathogenomics
Pan-genome analysis of pathogen genome leads to identification of genome plasticity
and pathogenic islands. The term pan-genome was first defined in 2005. Pan-genome consists
of a core, dispensable and unique genomes. Core genes mostly have housekeeping and essential genes required for growth of bacteria. Dispensable genome carries foreign or modified
gees obtained from horizontal genes transfer and these genes could be potential therapeutic
targets. Unique genes are novel genes that only confined to particular strains or sometimes in
species. These genes increase adaptability to host environment and increase virulence. Therefore comparative pan-genome study is important in studying antibiotic resistance, potential
therapeutic targets, epidemiology and phylogenomics. Comparative genome along with pangenome approach was used to investigate pathogenicity of seven Campylobacter species. Pangenome results revealed 3933 core genome and 1,035 ubiquitous genes [96]. Streptococcus
genus within phylum Firmicutes is among the most significant and diverse zoonotic pathogens. Considerable taxonomic approaches like DNA hybridization, 16S rRNA sequencing did
not give the clear evolutionary implications of Streptococci species group. Therefore, comparative genomic approaches used to get a clear understanding of evolution of pathogenicity
in Streptococci. Genome analysis revealed that pan-genome size increases with the addition
of newly sequenced strains and core genome size decreases. Population structure analysis and
phylogenetic analysis revealed two distinct lineages or clades formed within a species group.
Virulence factors also evolved with species evolution [73].
6.3. Genome plasticity
Genome plasticity is the gain or loss of genes and gene rearrangements within specific
strains of species for higher adaptability to a new environment. Genome plasticity comprised
by several different mechanisms including gene arrangement, inversion, translocation, mutations, plasmid insertions from different organisms, and other insertions like transposons,
insertion elements, bacteriophages and genomic islands. Genomic islands are large mobile
elements that have cluster or bunch of genes that are directly or indirectly involved in bacterial
pathogenicity (Figure 10).
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Figure 10: Mechanisms of genome plasticity

Whole genome sequence analysis of Staphylococcus aureus revealed mobile genetic
elements that carry virulence and antibacterial genes. This horizontal gene transfer of mobile
genetic elements mediates the evolution of methicillin resistance Staph. aureus [97]. In postgenomic era, researchers explore pathogenicity of microbes by genome comparison. Dao-feng
and co predicted the pathogenic potential and international spread of Staphylococcus argenteus by genomic comparison analysis. The comparative genomic analysis (based on pan-core
genome definition) performed among thirty S. aureus genomes, fifteen Staphylococcus argenteus and six S. schweitzeri genomes. Results revealed that all three species had rare core
genome with interspecific recombination. Many virulence genes of S. aureus, S. argenteus and
S. schweitzeri were homologous. Moreover, S. argenteus showed ambiguous biogeographical
structure that was evidence of its international spread [98].
Pan-genome analysis can use for analysis of minor mutations like single nucleotide
polymorphisms (SNPs) that are responsible for any kind of virulence. The pan-genome investigation of two Mycobacterium tuberculosis strains helped to identify SNPs, which led to the
study of evolution and pathogenesis of these strains. Analysis showed that this species was
highly clonal without any lateral gene transfer and these strains lost some genes that were present in other strains [99].
Comparative genomic analyses can be used for finding reasons of bacterial outbreaks
in history. In Germany (May-June 2011) an outbreak caused by Shiga-toxin producing E.coli
O104:H4 that infects more than 3000 people. Scientists tried to find out the reason of this virulence in E.coli. After comparative genomic analysis of different strains of pathogenic E.coli,
they found that it belongs to rare serotype O104:H4. In addition, this strain belonged to enteroaggregative E.coli lineage that had acquired Shiga-toxin producing gene and antibiotic
resistance gene (i.e. broad-spectrum beta-lactamase gene of CTX-M-15 class). They reported
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the acquisition of stx2 prophage, gene encoding AAF/III fimbriae which was responsible for
alternative adhesion mechanism [100]. Shigellaflexneri causes shigellosis that is a leading
cause of bacillary dysentery in developing countries, especially in Asia. Infants under five are
more susceptible to this disease. Based on O- antigen of outer membrane lipopolysaccharide
there are 19 serotypes of Shigellaflexneri. Despite its disease causing ability, there was little
knowledge about its virulence and genomic structure. Therefore, Pawan Parajuli, Marcin Adamski and Naresh K. Verma, 2017 used hybrid methods of long-read single-molecule real-time
(SMRT) and short-read MiSeq (Illumina) sequencing technology to generate a high quality genome sequence of S. flexneri serotype 1c for the first time. Results revealed that Y394 chromosome of S. flexneri contained mobile genetic elements, IS elements and plasmids. These set of
genes was actually responsible for bacterial evolution, diversification, adaptation, pathogen’s
virulence and antibiotic resistance of bacteria. From the detailed analysis, they also identified
novel and highly modified O-antigen structure consisting of three different O-antigen modifying gene clusters that came by horizontal gene transfer from three different bacteriophages.
These were the causes of pathogen’s virulence and survival in host environment [48]. Pangenome analysis of Akkermansia muciniphila was done for the first time. It is the inhabitant
of the intestinal tract and plays a crucial role in human health. Whole genome sequencing and
annotation done of 39 isolates. Results revealed the flexible pan-genome consisting of 5644
unique proteins. Comprehensive genomic analysis among human, mouse and pig microbiomes
revealed transcontinental distribution of phylogroups of A. muciniphila across human gut microbiomes. Qualitative analysis showed its co-relation with anti-diabetic drug usage and body
mass index. It also acquired antibiotic resistance genes by lateral gene transfer from symbiotic
microbes [101]. Kono N, Tomita M and Arakawa K. Nobuki in 2017, developed the algorithm
for reordering of the contigs based on experimental replication profiling (eRP) to facilitate the
study of the complete genome sequences, genome rearrangements, and structural variations
and to summarize the bacterial genome structure within a draft genome. They also suggested
the appropriate timing for genomic sampling i.e. during exponential growth phase of bacteria
to obtain information about contig position relative to terminus and replication origins [102].
7. Comparative Genomics for Industrial and Environmental Friendly Microbes
Comparative genomics is also useful for exploration of microbes that are involved in
bioremediation and industry. Gang Zhou and his team-mates for the first time gave complete
genome sequence of Citrobacter werkmanii with genome features and annotation. Citrobacter
werkmanii BF-6 belongs to family Enterobacteriaceae. It has been used for bioremediation of
heavy metals because it produced acid type phosphatase enzyme and can accumulate heavy
metals due to biofilm formation. C. werkmanii BF-6 and C. werkmanii NRBC 105721 had
closely related evolutionary relationship. They also found different genes involved in biofilm
formation. The 12-biofilm producing genes and their location on chromosome BF-6 is illus20
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trating below in Figure 11 [103].

Figure 11: The relative position of biofilm producing genes on chromosome BF-6 by Citrobacterwerkmanii [103].

Industrially important species Propionibacterium freudenreichii (member actinobacterial group) genome was completely sequenced by using PacBio RS II sequencing platform.
Genomes of 20 strains of P. freudenreichii were compared and results showed. Results showed
two conjugative plasmids and three active lysogenic bacteriophages. It also helped in identification of different DNA modifications, which led to the characterization of restriction modification systems; that is CRISPR-Cas systems. The genomic difference observed in specific mucus binding and surface piliation among strains. These characteristics allowed them to grow at
unfavorable conditions and help in the formation of biofilm [104].
In post genomic era, computational approaches integrated with “omics” included proteomics, genomics, and metabolomics for selection of drug and vaccine targets. For pathogenic
bacteria, comparative and subtractive genomic approaches are being widely used. These identified targeted genes should be non-homologous to host. Vibrio cholera is a cholera-causing
agent. By using a comparative genomic approach of Vibrio cholera, drug target Cholera endotoxin B subunit and membrane proteins like secG, secY, and secE were identified as potential
vaccine targets [105].
8. Reverse Vaccinology to Identify Potential Vaccine and Drug Targets for Microbes
Development of vaccines with the help of computational approaches, utilizing genomic
data, instead of culturing microbes, is termed as ‘reverse vaccinology’. Vaccine development
by conventional methods need culturing of pathogenic microbes and all biochemical, microbial and immunological techniques, and all this made it time consuming and laborious. Reverse vaccinology begins with the screening of pathogenic genome, which results in epitope
prediction and epitope prediction is said to be the heart of reverse vaccinology [106]. Genomic
sequencing discovery had paved the path for predicting the potential antigen candidates from
complete genomic data. Predicted candidates are then used in vaccine preparation (Figure
12).
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Figure 12: Steps involved in vaccine development by reverse vaccinology

Comparative genomics, metabolic pathways analysis, and additional drug prioritizing
parameters were used to identify drug and vaccine targets against Mycoplasma genitalium,
a pathogenic agent responsible for sexually transmitted diseases in human. Total 79 proteins
were identified out of which 67 proteins were non-homologous essential proteins that could be
potential drug and vaccine targets [107].
Ghosh S and co (2014) also identified drug and vaccine targets in Staphylococcus aureus by using comparative genomic approach. They identified 19 proteins as vaccine candidates and 34 proteins as drug targets [107].
Undoubtedly, vaccinologists have successfully eradicated life-threatening diseases. Still,
there is a long way to go, to our surprise, there are only ~50 human vaccines out of which only
35-40 are licensed in the US and Europe [108]. The first vaccine developed using reverse vaccinology was against Serogroup B meningococcus, by RinoRappuoli [109]. They first screened
the genome of B meningococcus, examined the genome for antigens. Expression of potential
candidates was tested in E. coli and most potential candidates were applied in vaccine development. After massive efforts, this vaccine was approved safe and potent [110].
Different soft wares are involved in reverse vaccinology a few of them are listed below,
Programs identifying Open Reading Frames
Sr. No.

Software

1.

ORF-FINDER

2.

GLIMMER

3.

GS-FINDER
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Programs identifying potential proteins
Sr. No.

Software

1.

ProDom

2.

Pfam

3.

PROSITE

8.1. Applications of reverse vaccinology
Reverse vaccinology (RV) is an efficient and cost-effective as compared to conventional
vaccine development approaches. Software for reverse vaccinology includes VacSol, NERVE,
VAXIGN, RANKPEP, Vaceed, PGAP. As eukaryotes possess enormous and complicated genome as compared to prokaryotes, therefore RV is more effective towards eukaryotic genome
[111].
Bacterial diseases for which licensed vaccines have been developed using ‘reverse vaccinology’ approach are listed as follows (Table 6).
Table 6: Vaccines developed by using “Reverse Vaccinology” approach
Sr. No.

Bacteria

Disease

Vaccine

Trade name

1.

Neisseria meningitides

Meningococcal meningitis

Meningococcal Group
B Vaccine

BEXSERO

2.

Bacillus anthracis

Anthrax

Anthrax Vaccine Adsorbed (AVA)

Biothrax

3.

Vibrio cholera

Cholera

Cholera Vaccine Live
Oral

Vaxchora

4.

Corynebacterium diphtheria

Diphtheria

Diphtheria and Tetanus
Toxoid Adsorbed

None

5.

Yersinia pestis

Plague

Plague vaccine

None

6.

Streptococcus pneumoniae

Pneumococcal

Pneumococcal Vaccine,
Polyvalent

Pneumovax 23

7.

Salmonella enterica

Typhoid fever

Typhoid Vaccine Live
Oral Ty21a

Vivotif

9. Future prospects
This study spells out that microbiology is turning into a data science; potent association
of experimental and computational biologists can bring revolution in near future. Considering
the present rate of advancements of technology in this discipline, is difficult to predict the future. Nevertheless, we will outline few improvements to be made. Undoubtedly, NGS require
small amount of genetic material for analysis, but this is even lesser, for example in case of
endangered species. In addition, improvements must be made to produce more and longer sequence reads, reduced sequence errors and algorithms for data analysis, this will surely result
in improved transcriptomic and genomic data compilation. Future studies require focusing
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on genome architecture and regulation as it is link with conservation biology. Cost effective
sequencing technique is applied more frequently, generating more sequencing data and hence
demands new infrastructures, analysis and data storage approaches and sharing databases.
This revolution resulted in enhancements of bringing novel aims and objectives of genetic
research in reach of molecular ecologists.
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