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Abstract

Infectious diseases are life-threatening and may lead to high mortality and mor-
bidity rates. The existing danger of an increase and spread of multidrug resis-
tance pathogens is a global concern. Therefore, the designing of novel antibiotics
and vaccine to control and eliminate the disease is an utmost requirement.
Traditional approaches for screening vaccine and drug targets are time-consuming
and have been unsuccessful in controlling the spread of infectious diseases due
to several reasons such as altered antigenic diversity, altered virulence potential,
and antimicrobial resistance in the infectious agent population. To overcome this
problem, there has been a paradigm shift from the conventional to microbial
genomics approaches, as the availability of complete genome sequence of patho-
genic microorganisms and multiple isolates of the same species provides a wealth
of information on nearly all the potential drug targets. Microbial genomics
approaches open up new avenues to pursuit novel antimicrobial agents that are
highly conserved in a range of microbes, essential for the survival of pathogens
and absent in humans. In this chapter, we present an overview of the microbial
genomics approaches such as pan-genomics, comparative genomics, functional
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genomics, structural genomics, transcriptomics, and proteomics used in the dis-
covery and development of novel antibiotics.
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genomics - Transcriptomics - Proteomics

5.1 Introduction

Earlier, the infections caused by microbes had been a massive problem, but in the
year 1940s, it was resolved by the introduction of antibiotics. With this advance-
ment in treatment protocol, in the 1960s, it was stated that the danger of microbial
infection is no more a problem and the microbes could be successfully defeated.
However, unfortunately over the last decades, the microbes acquired resistance
toward antibiotics leading to a broader health concern. Therefore, nowadays micro-
bial antibiotic resistance is an emergent and hazardous issue worldwide, and this
necessitates novel antibiotics to combat microbial infection.

Development of effective antibiotics and vaccines against infectious disease has
a major impact on health globally. The increasing antibiotic resistance and varied
antigenic diversity among the pathogens are raising severe concern for the future
pandemic. A recent report of the Centers for Disease Control and Prevention (CDC)
on “antibiotic resistance: a global threat” showed that only in the USA, every year
approximately 2 million people are infected by antibiotic-resistant strains, account-
ing for nearly 23,000 deaths (CDC 2018; https://www.cdc.gov/features/antibiotic-
resistance-global/index.html). In this report, the negative impact of antimicrobial
resistance on economy was also predicted with an expected loss of around $100
trillion by the year 2050. These estimation prioritize our action toward finding
essential targets and mechanisms for the development of novel vaccines and drugs.

Conventional approaches have proven insufficient to study pathogens because of
the complex mechanism of pathogenesis, varied antigenic diversity, as well as lack
of a suitable animal model of infection. The arrival of the genomic era has a great
impact on the development of vaccine and antibiotics. Microbial genomics data
from genome, transcriptome, proteome, immunome, or structural genome provides
a wealth of information about the different pathogens that seems to be sufficient for
rapid development of novel vaccine and therapeutic and to limit the spread of infec-
tion. Therefore, the present chapter aims to provide a comprehensive overview of
microbial genomics approaches and their significance in the development of novel
vaccines and antibiotics.
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5.2  Essential Criteria of Vaccines and Therapeutic Targets

The identification of drug and vaccine targets can be achieved by using various
approaches such as the comparative and structural genome, transcriptome, pro-
teome, and immunome. These approaches can be applied in several combinations
based on nature of the pathogen under study. However, it is necessary to consider
the following basic criteria while selecting the potential targets: (i) target should be
specific and highly selective against the microbe rather than host and also active
against a broad spectrum of pathogens, (ii) target should be essential for the growth
and survival of pathogens at the time of infection, (iii) target should be expressed or
easily accessible to the host immune system during the course of infection, and (iv)
some prior information about the function of target is necessary so that high-
throughput assays can be performed. Identification of new potential targets can be
initiated by using the criteria mentioned above which would be helpful in finding
out the successful targets.

5.3  Microbial Genomics Approaches

Since the completion of the first bacterial genome sequence of Haemophilus influ-
enzae in 1995, the idea for the development of vaccine and therapeutic approaches
shifted from conventional approaches to microbial genome-based approaches.
Several microbial genomics approaches such as genomics, pan-genomics, compara-
tive genomics, functional genomics, structural genomics, transcriptomics, and pro-
teomics have been utilized for this purpose. The schematic representation of several
important microbial genomics approaches has been shown in Fig. 5.1. In summary,
in silico screening of the entire genome sequence of the pathogen (genomics) pro-
vides complete information about the genetic repertoire of antigens and drug tar-
gets. Pan-genomics helps in the identification of conserved antigens and thereby in
the identification of potential drug targets through the investigation of genetic mate-
rial from numerous organisms of single species. Next, it is essential to compare the
genetic material of pathogenic and nonpathogenic organisms of single species. This
is crucial for identifying antigens or targets that are present in pathogenic strains but
absent in nonpathogenic strains. Transcriptomics and proteomics aim to recognize
the set of RNA transcripts and proteins expressed by an organism under a specified
circumstance and in specific cellular location. Further, the analysis of genes and
proteins array would help to understand the survival of an organism under a specific
condition (functional genomics). Some interesting field of study emphasizes the
identification of protein arrays or epitopes that interact with the host immune sys-
tem and the possible mechanisms of their interaction (immunomics). Analysis of
the three-dimensional structure of proteins of an organism and the process of inter-
action with antibody and therapeutics (structural genomics) can provide a clear idea
about the biological phenomena and potentiality of a novel drug. Following this the
vaccinomics approach enables the monitoring of the mode of response of the human
immune system to a vaccine or drug. Finally, if the identified targets show
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Fig.5.1 Schematic representation of microbial genomics approaches for the development of vac-
cines and therapeutics

protection against disease and have low risk vs benefit ratio for humans, they are
subjected for clinical trials, and then clinically tested vaccine and therapeutic targets
can be licensed for use. In Table 5.1, a brief description of various microbial genom-
ics approaches along with their limitations has been presented.

Here, we are summarizing genomics, pan-genomics, comparative genomics,
functional genomics, structural genomics, transcriptomics, and proteomics-based



Table 5.1 Overview of microbial genomics approaches for the development of vaccines and

therapeutics

Genomic

approaches Description Limitations

Reverse Identification of surface-exposed | Nonprotein antigens such as lipids
vaccinology/ proteins as vaccine/therapeutic (glycolipid, phospholipid) and
genomics targets that targets organisms has | polysaccharides and posttranslational

the potential to be express

modification (glycosylation,
methylation, mannosylation) cannot be
identified (Seib et al. 2009)

Requirement of high-throughput
cloning and protein expression

Pan-genomics

Identification of conserved
targets through analysis of
genetic material of several
organisms of single species

Requirement of the genomic sequence
of several strains of same species

Same limitation as described above

Comparative Identification of genes that are Same limitations as described for the
genomics present in pathogenic strain but above two approaches
absent in nonpathogenic strain
through analysis of genetic
material of different strains of the
same species
Transcriptomics | Identification of global changes Large quantity of mRNA is required
in gene expression through for in vivo studies
analysis of RNA transcripts level | Difficulty to make probes because
of an organisms under specified bacterial mRNA is unstable
conditions There is no direct correlation between
transcription product (i.e., mRNA)
and translational product (i.e.,
protein)
Functional Evaluate the function of genes Pathogen should be naturally
genomics and proteins to identify the genes | competent; otherwise, it will not be
that are essential for survival and | able to accept the transposon (Seib
pathogenesis of an organism et al. 2009)
under specific conditions
Proteomics Identification of the entire set of | Proteins should not be in low
proteins expressed by an abundance
organism under specified Those proteins, which are expressed
conditions in in vivo conditions but not capable
to express in in vitro conditions, may
not be able to detect
Low-solubility proteins also may not
be able to identify
Immunomics Evaluate the complete set of Difficult to predict the B-cell antigenic
proteins that interact with the determinant
host immune system to identify | Only configurational epitopes can be
the B-cell and T-cell epitopes detected. Chances to detect
conformational epitopes is very low
(Seib et al. 2009)
Potential bias against non-displayed
sequences
Structural Identification of the three- Inadequate apprehension of antigenic
genomics dimensional structure of proteins | determinants of immunogenicity (Seib

expressed by an organism and
how they interact with drugs or
antibodies

et al. 2009)

Poor understanding of the structure-
function relationship




80 H. Joshi et al.

microbial genomics approaches in the context of identification and characterization
of potential targets as a drug or vaccine candidate.

5.3.1 Reverse Vaccinology/Genomics

Reverse vaccinology is the in silico screening of the pathogen genome to find out
the repertoire of antigens/drug targets that are expressed by the organism. By using
various bioinformatics tools, it is possible to predict the ORFs of all the genes that
are exposed or secreted on the surface of pathogen. Genes which are uniquely pres-
ent in a certain pathogen can be selected for in vitro and in vivo studies. This
involves a few critical experimental steps like gene cloning and expression, protein
purification, and then selection of the potential candidate (Grandi 2001). One of the
best examples of reverse vaccinology approach is serogroup B Neisseria meningiti-
dis (MenB) project. In this project, numerous novel vaccine candidates were deter-
mined in a period of 18 months, and it outnumbered the discovery made in 40 years
of conventional vaccinology (Pizza et al. 2000). In the analysis of MC58 strain
genome (belongs to MenB), 570 ORFs out of 2158 ORFs were predicted to encode
either surface exposed or secreted (Pizza et al. 2000). Antigen sorting was continued
based on handful criteria which include the identification of the ability of antigens
to be cloned and expressed in Escherichia coli as recombinant proteins (350 candi-
dates) followed by the validation of the antigen exposed on the cell surface (91
candidates) by ELISA and flow cytometry. To confer protective immunity, the abil-
ity of induced antibodies (28 candidates) was measured by serum bactericidal assay
or passive protection in infant rat. Further, screening was performed to identify the
conservation of potential antigens in a panel of diverse meningococcal strains espe-
cially pathogenic strains of MenB (Rappuoli 2008; Giuliani et al. 2006). Using this
methodology it was possible to identify five antigens, (i) genome-derived Neisseria
antigens 1870 (GNA1870; which is factor H-binding protein [fHBP]), (ii)) GNA1994
(which is NadA), (iii) GNA213, (iv) GNA1030, and (v) GNA2091. It also enabled
the classification of outer membrane vesicles (OMV) from the New Zealand
MeNZB vaccine strain that contains the immunogen PorA (Martin et al. 2006) and
has been combined to form the Novartis MenB vaccine which entered the phase I11
clinical trials in 2008 (Rappuoli 2008; Giuliani et al. 2006).

5.3.2 Comparative Genomics

This approach is used to compare the pathogenic and nonpathogenic strains of
the same species in order to identify the unique genes that are only present in
pathogenic strains but absent in nonpathogenic strains. Those unique genes that
are involved in pathogenesis and virulence of organisms might be the potential
target for the development of vaccine and therapeutics (Bhagwat and Bhagwat
2008). Rasko et al. (2008) identified some genes that are present only in patho-
genic strains of E. coli but absent in commensal strains during comparison of up
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to 17 commensal and pathogenic strains of E. coli. With the rapid advancement
in sequencing technology and bioinformatics, an exponential growth in genome
sequence information has been achieved. Studying the genome sequence infor-
mation of various pathogens to find out the genes conserved among the bacteria
enables the identification of potential targets for the development of broad-spec-
trum antibiotics, while unique genes specific to particular species of bacteria
might be an ideal target for narrow-spectrum antibiotics. For example, 26 genes
in E. coli out of which most of them were conserved in various species such as
B. subtilis, M. genitalium, H. influenzae, H. pylori, Streptococcus pneumoniae,
and Borrelia burgdorferi genomes were identified by Arigoni F and colleagues
(Arigoni et al. 1998). To potentially select the target, it is crucial to compare the
genome sequence of the pathogen and the eukaryote so that the bacterial target
proteins that are conserved among the mammalian proteins could simply be
avoided to reduce the chances of human toxicity (Tatusov et al. 1997). For exam-
ple, a previous report indicated significant sequence similarity between the
broadly conserved proteins (15 out of 26) across the bacterial species and that of
Saccharomyces cerevisiae (Arigoni et al. 1998).

5.3.3 Pan-Genomics

This is an advanced future of comparative genomics which aims at understanding
the content, organization, and evolution of genomes and explains genotype-
phenotype relationships. Availability of multiple genome sequences for a single
species highlighted the importance of pan-genomics approach in identifying vac-
cine candidates in antigenically diverse species (Muzzi et al. 2007). The analysis of
variation in genome sequences of pathogenic and its nonpathogenic strain leads to
the rapid identification of genes involved in virulence. Pan-genomics focused on the
variation in genomic sequence of different strains of same species which indicates
that single genome sequence may not be enough or may not provide the complete
understanding of intraspecies genetic variability (Fitzgerald et al. 2001; Dorrell
et al. 2001; Fukiya et al. 2004; Obert et al. 2006). In pan-genomics approach, open
reading frames (ORFs) are selected by screening of multiple genomes either by
comparative genomics hybridization or by direct sequencing (Muzzi et al. 2007).
These studies suggest that a potential vaccine and antimicrobial targets have to be
conserved across all strains of the same species and are involved in the pathogenesis
of bacterial pathogens. One of the best examples of genetic diversity studied through
pan-genomics approach is seen in Streptococcus agalactiae (also known as group B
streptococcus), a multiserotype bacterial pathogen that causes life-threatening dis-
ease in newborns. Genome sequence analysis of eight different strains of S. agalac-
tiae predicted genetic variability and the extended collection of genes of the species
(Tettelin et al. 2005). It can be classified into three parts: genes that are present only
in one strain (strain specific genes), genes present in some strains but not in all
strains (dispensable genome), and set of genes that are present in all strains (core
genome). The bioinformatics screening predicted 589 genes as surface-exposed or
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secreted proteins in the S. agalactiae genome. Among them, 396 and 193 genes are
from the core and dispensable genome, respectively. Further, screening of these
genes revealed four proteins that elicited protection in mice against all strains of S.
agalactiae (Maione et al., 2005). Interestingly, it was found that a combination of
four proteins GBS322, GBS104, GBS67, and GBS80 can act as a universal vaccine.
However, only one of these proteins belonged to the core genome, while the rest of
the three are from the dispensable genome of S. agalactiae. Therefore, the authors
suggested that it is not the only conserved protein which essentially provide broad-
spectrum protection (Kaushik and Sehgal 2008).

5.3.4 Transcriptomics

This genomics approach can be used for analysis of global changes in bacterial gene
expression under a specific condition. Thus, genes which are essential for survival
and pathogenesis of microorganisms in the host can be identified by the transcrip-
tomic approach. The highly expressed genes can be selected for further analyses as
they are crucial for microbial pathogenesis. On the contrary, low-expressed genes in
host environment should be considered less important for a potential target. It is
reported that targeting such genes which are shown to be essential for survival and
expressed in virulence-induced condition has a higher potentiality to be drug target
(Moir et al. 1999). Information about such essential genes that are also expressed in
the animal model would indicate the importance of such genes in infection as well.
There are commonly two types of methods for gene expression: first, cDNA-based
microarray (cDNA derived from the RNA transcripts by using reverse transcription
under specific condition) and second, ultra-high-throughput sequencing technolo-
gies that allow rapid sequencing and direct quantification of cDNA.

Identification of potential vaccine and therapeutic targets under experimental
conditions by mimicking host-pathogen interaction is a good way. For example, in
a study using microarray-based transcriptional profiling, it was found that adhesion
to epithelial cells altered the expression of 350 genes by more than twofold, in
which 189 genes were upregulated, 151 downregulated, and 7 genes either up- or
downregulated depending on the time point in kinetics (Grifantini et al. 2002). They
identified five new adhesion-induced proteins (NMB0315, NMB1119, NMB0995,
NMBO0652, and NMB1876) capable of inducing bactericidal antibodies in mice
(Grifantini et al. 2002). However, there are some major limitations of this approach.
Firstly, there was no direct correlation between the levels of proteins and
mRNA. Secondly, in vivo studies require large amounts of mRNA; amplification of
mRNA further creates additional technical challenges. Thirdly, they failed to estab-
lish a correlation between animal or cell-culture systems and the human host. Some
other examples of microarray-based transcriptional profiling are (i) Mycobacterium
tuberculosis genes encoding proteins that could be targeted for vaccine develop-
ment, which are expressed during host infection (Talaat and Stemke-Hale 2005),
and (ii) transcriptional profiling of Vibrio cholerae genes that are expressed during
human infection (Merrell et al. 2002).
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In addition to these techniques, several alternative techniques (in vitro expres-
sion technology (IVET), in vivo induced antigen technology (IVAT), and expression
library immunization) are also developed for the study of bacterial gene expression
globally (Angelichio and Camilli 2002; Talaat and Stemke-Hale 2005). Besides
these techniques, signature-tagged mutagenesis (STM), genome analysis and map-
ping by in vitro transposition, and transposon site hybridization (TraSH) techniques
are also developed with the special emphasis on the bacterial genes whose expres-
sion is dependent on host-pathogen interaction. The idea behind the development of
such high-throughput techniques is to find out number of vaccine and therapeutic
targets from bacterial species (Merrell et al., 2002; Moxon and Rappuoli 2002;
Scarselli et al. 2005).

5.3.5 Proteomics

Proteomics refers to analyzing a set of proteins expressed under specified condi-
tions or in specific cellular location. Using this approach, the potential vaccine and
therapeutic targets could be predicted by obtaining an overall view of the pathogen
proteome and the host’s immune response after infection. High-throughput pro-
teomic analysis can also be performed by using several techniques such as mass
spectrometry, chromatographic techniques, and protein microarrays (Grandi 2006).
One of the chromatographic techniques like 2D-PAGE separates proteins that
appear as fine spot on the gels; these are then isolated and subjected to further analy-
sis by mass spectrometry. Mass spectrometric techniques such as MALDI-TOF
(matrix-assisted laser desorption ionization-time of flight) and MS/MS (tandem
mass spectrometry) are used for peptide mass and sequence analysis of protein
spots on a gel (Patterson and Aebersold 2003; Zhu et al. 2003). One of the common
examples of proteomics-based approach is the identification of 27 outer surface
proteins of S. agalactiae, first by 2D-gel electrophoresis and then by peptide
sequencing. Out of these, six proteins were cloned, expressed, purified, and then
utilized for mice immunization experiments. Two potential candidates were found
to be protective against a lethal dose of bacteria in a neonatal mouse model (Hughes
et al. 2002). Grandi (2006) also analyzed the surface proteome of Streptococcus
pyogenes to identify novel vaccine and therapeutic targets (Rodriguez-Ortega et al.
2006). This novel proteome-based approach is used to identify novel proteins in
several organisms such as Bacillus anthracis (Ariel et al., 2003), Streptococcus
pneumoniae (Ling et al., 2004), Streptococcus iniae (Shin et al., 2007), Bartonella
quintana (Boonjakuakul et al., 2007), and Mycobacterium tuberculosis (Malen
et al., 2008).

5.3.6 Immunomics

Immunomics is the analysis of a set of proteins and epitopes of the pathogen that
interact with the host immune system. The proteome of bacteria can also be screened
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to identify immunome of that bacterium by in silico and in vitro techniques. In silico
techniques can be used to predict pathogen epitopes that can be recognized by
B-cell and T-cell. Large-scale screening for B-cell and T-cell epitopes in pathogens
including HIV, B. anthracis, M. tuberculosis, F. tularensis, Yersinia pestis, flavivi-
ruses, and influenza is currently under process (Sette et al. 2005; De Groot et al.
2008a). Although epitope prediction may serve as a steer for further biological eval-
uation, T-cell epitopes are recognized by MHC/HLA complex on the surface of
antigen-presenting cells (B-cell, macrophages, and dendritic cells), which differ
considerably between hosts, confounding the task of functional epitope prediction.
Furthermore, B-cell epitopes can be both linear and conformational. Finally, the
rationale behind the study was to create a single peptide which could represent
defined epitope combinations from a protein or organism and overcome the genetic
variability of both pathogen and host (De Groot et al. 2008b).

Antibodies present in host serum upon exposure to a pathogen can be used to
identify vaccine candidates. There are several established techniques which allow
the high-throughput display of pathogen proteins and the subsequent screening for
proteins that interact with antibodies present in host serum (Seib et al. 2009).
Immunogenic surface proteins of various organisms have been identified in several
studies, including Staphylococcus aureus using 2D-PAGE, membrane blotting, and
MS (Vytvytska et al. 2002); Streptococcus agalactiae, Streptococcus pyogenes, and
S. pneumoniae using phage- or E. coli-based comprehensive genomic peptide
expression libraries (Meinke et al. 2005; Giefing et al. 2008); and Francisella tula-
rensis (Eyles et al., 2007) and Vibrio cholerae using protein microarray chips (Rolfs
et al. 2008). Characterization of protein-drug interactions, as well as other protein-
protein, protein-nucleic acid, ligand-receptor, and enzyme-substrate interactions,
can also be done by using protein microarray (Stoevesandt et al. 2009).

5.3.7 Structural Genomics

Structural genomics mainly focuses on the three-dimensional structure of an organ-
ism’s proteins and how they interact with antibodies and therapeutics. NMR (nuclear
magnetic resonance) and crystallography techniques are used to determine the
structure of proteins and the conformational changes that occur during the interac-
tion of proteins with antibodies and therapeutics. This approach is quite useful to
engineer antibodies and inhibitors against specific proteins by using their structure-
based design to find out the residues involved in the active site of that protein. High-
resolution techniques for protein structure determination are mainly focused on
understanding and analyzing the structural basis of immune-dominant and recessive
antigens as well as active sites and potential drug binding sites of proteins (Dormitzer
et al. 2008; Nicola and Abagyan 2009). Several methods have been developed for
high-throughput characterization of proteins on the basis of their genome informa-
tion (Todd et al. 2005). For example, structural characterization of two HIV
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envelope proteins gp120 (glycoprotein 120) and gp41 (glycoprotein41) have shown
mechanisms used by the virus to evade host antibody responses due to hypervari-
ability in immunodominant epitopes (Zhou et al. 2007; Prabakaran et al. 2007).
However, there are some limitations to this approach such as poor understanding of
determinants of immunogenicity, immunodominance, and structure-function (Seib
et al. 2009). Nevertheless, this approach is very important for high-throughput mod-
ification of proteins and their screening for immunogenicity and interaction with
antimicrobials to develop some novel vaccine and therapeutics (Dormitzer et al.
2008).

5.4 Conclusions

In this chapter, we review the impact of microbial genomics approach on the devel-
opment of novel vaccine and therapeutics. This chapter covers several microbial
genomics approaches that have emerged to identify the potential candidates for vac-
cine and therapeutic design from our better understanding of the human genome.
Genomic and proteomic approaches have been used to identify the surface proteins
during host-pathogen interaction. Furthermore, transcriptomics tells us about the
expression level of RNA transcripts during infection, which is useful to dig out the
essential target for the development of vaccine and antibiotic targets. All these
approaches are useful, but there still remain some challenges such as understanding
of molecular nature of B-cell and T-cell antigenic determinants of immunogenicity,
mechanisms of different adjuvants, and structure-function relationship of proteins.
These challenges can be fulfilled by improvement of structural studies of antigenic
determinants, immunogenicity, and B-cell and T-cell epitope prediction.
Identification of novel vaccine and therapeutic targets through genome-based
approaches has to be subjected to confirmation and validation by in vitro (e.g., bac-
tericidal assay) and in vivo assays (e.g., animal protection experiments).
Unavailability of valid models to measure efficacy and protection against disease is
still a major issue of animal protection experiments. In spite of that, a wealth of
information about the microbial pathogenesis obtained through genome-based
approaches can be useful in sorting out this issue. Several effective vaccines and
therapeutic candidates have to pass through confirmatory tests including stepwise
series of pre-licensure clinical trials (phases I, II, and III) before being introduced
into the market. However, preclinical trials that are required to check the safety,
efficacy, and immunogenicity of potential vaccine and therapeutic targets are time-
consuming and costly. We therefore believe that with advancements in the field of
technology, we can expect to witness more effective and specific vaccine and thera-
peutic targets against a disease in the near future.
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