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Abstract: The design of vaccines to prevent infectious diseases represents one of the most important
contributions of biomedical science. The conventional approach to vaccine development was based on the
works of Jenner and Pasteur. Despite several successes, there are several infectious diseases for which
conventional approaches for vaccine discovery have failed. The availability of a complete microbial genome
sequence in 1995 marked the beginning of genomic era that has revolutionized vaccine development and
catalyzed a shift from conventional culture-based approaches to genome-based vaccinology. Therefore,
potentially  surface-exposed  proteins  can be identified in a reverse manner, starting from the genome rather
than from the microorganism. The application of reverse vaccinology for the rapid identification of vaccine
targets is generating promising results for various microorganisms. As the genomic era progressed, reverse
vaccinology  has  evolved  with a pan-genome approach and the advantage of multi-strain genome analysis
was highlighted by the discovery of universal vaccine candidates against disease-causing isolates of
Streptococcus agalactiae. Moreover, for those bacterial species that exist in both as commensal and
pathogenic forms, by comparing the genome sequences of the two types, one can identify pathogenic specific
traits. In this regard, subtractive reverse vaccinology has been applied to identify antigens produced only in
pathogenic strains of Escherichia coli species. In general, currently observed excellent results of reverse
vaccinology can be good  indicators  of the potential of genome based approach for vaccine development.
Thus, the ever-growing body of genomic data and new genome-based approaches should play a critical role
in the future to enable timely development of vaccines against infectious diseases.
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INTRODUCTION pox by prior infection with the related but less virulent

The design of vaccines to prevent infectious The vaccines developed over the first two hundred
diseases represents one of the most important years since Edward Jenner’s lifetime have accomplished
contributions of biomedical science. With the exception striking reductions of infection and disease where ever
of safe water, no other modality, not even antibiotics, has applied [3]. “Never in the history of human progress has
had such a major effect on mortality reduction and a better and cheaper method of preventing illness been
population growth [1]. In its original concept, vaccination developed than immunization at its best”. This statement
aims to mimic the development of naturally acquired reflects the success of vaccines against eradication of
immunity by inoculation of nonpathogenic but still smallpox and controlling of diseases such as
immunogenic components of  the  pathogen in question, poliomyelitis,  measles,  rabies, yellow fever, diphtheria
or closely related organisms. The history of vaccination and tetanus [1].
began with Edward Jenner in 1798 in his demonstration of Veterinary vaccines have also had and continue to
the scientific principles and realities for preventing small have, a major role in protecting animal health and public

cowpox virus [2].
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health, reducing animal suffering, enabling efficient Conventional  Approaches  to   Vaccine  Development:
production of food animals to feed the burgeoning human The history of vaccination is traditionally dated to the
population and greatly reducing the need for antibiotics publication, in 1798, of Edward Jenner’s landmark
to treat food and companion animals [4]. Prominent experiments with cowpox in which he inoculated a
examples include rabies vaccines and rinderpest vaccines. neighbor’s boy with purulent material from a milkmaid’s
Rabies vaccines for domestic animals and wildlife have hand lesion in the United Kingdom. The boy, 8 years old,
nearly eliminated human rabies  in  developed countries was subsequently shown to be protected against a
[5-7]. On 25 May 2011, The World Organisation for smallpox  challenge  [2].  For more than 80 years, little
Animal Health (OIE) declared that rinderpest, one of the more was done with respect to immunization, until Louis
deadliest diseases of cattle and of several other animal Pasteur discovered the attenuating effect of exposing
species,  is  now  eradicated  from  the  surface  of  the pathogens to air or to chemicals. This discovery was
earth [8]. achieved as the result of leaving cultures on the

Louis Pasteur, who developed the first bacterial laboratory bench during a summer holiday. Thus, Pasteur
vaccine, established in 1880 the basic paradigm for developed the first vaccine made in the laboratory and
vaccine development, which included the isolation, also founded the terminology of vaccination [16].
inactivation and injection of the causative microorganism Pasteur (1880) found that inoculation of chickens
[9]. These basic principles have guided the conventional with an old culture of Pasteurella multocida protected
approach to vaccine development. These conventional them against highly virulent fresh cultures of the
approaches to vaccine development are based on the bacterium and postulated  that  the bacterial cells had
cultivation of the microorganism in laboratory conditions been attenuated, changing them into non-virulent but
from which single components  are isolated individually immuno-protective forms [9]. Subsequently Pasteur
by using biochemical, microbiological and serological developed an attenuated anthrax vaccine by maintaining
methods [10]. Despite several successes, there are several cultures of Bacillus anthracis at 42-43°C for 2 weeks.
infectious diseases for which conventional approaches Pasteur’s strategy established the basic paradigm for
for vaccine discovery have failed and the licensed vaccine development, which includes the isolation,
vaccines in use  today represent only the tip of the inactivation or attenuation  and injection of the
iceberg when considering the number of diseases that pathogenic microorganism [17].
need to be targeted [11]. Since the time of Pasteur until recently, most of the

The availability of a complete microbial genome available vaccines are based on live-attenuated
sequence in 1995 marked the beginning of a genome era microorganisms, killed (inactivated) microorganisms or
[12]. The arrival of the genome era has revolutionized subunits purified from the microorganism such as toxins
vaccine development and catalyzed a shift from detoxified by chemical treatment, purified antigens or
conventional culture-based approaches to genome-based polysaccharides conjugated to proteins [10]. With regard
vaccinology. Therefore, potentially surface-exposed to attenuation, heat, oxygenation, chemical agents, or
proteins can be identified in a reverse manner, starting aging were the first methods used, notably by Pasteur for
from the genome  rather  than from the microorganism. rabies and anthrax vaccines. Passage in an animal host,
This novel approach has been termed “reverse such as the  embryonated hen’s egg, was the next
vaccinology” [13]. As the genomic era progressed, method, as practiced by Theiler for the yellow fever
reverse vaccinology has evolved with a pan-genome vaccine. After the development of in vitro cell culture in
approach and multi-strain genome analysis became the 1940s, attenuation was accomplished by a variety of
fundamental for  the  design  of universal vaccines. means, including selection of random mutants, adaptation
Results obtained from the application of these new to growth at low temperatures, chemical mutation to
methods are forming a basis for a new generation of induce inability to grow at high temperature (temperature
vaccines for use in the control of bacterial infections of sensitivity), or induction of auxotrophy in bacteria [16].
humans and animals [14]. The other strategy was represented by the

Generally, it is estimated that 10–100 times more inactivation of the microorganism or by purifying small
candidates can be identified in one to two years using subunits derived from the  pathogen  of interest. Late in
genomics-based approaches than can be identified by the nineteenth century, Theobald Smith in the United
conventional methods in the same time frame [15]. States and Pasteur’s colleagues independently showed
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that whole organisms could be killed without losing identify  vaccine  candidates was proposed on the basis
immunogenicity [9]. This new strategy soon became the of the genomic information. This approach was called
basis  of  vaccines  for  typhoid   and  cholera  and  later reverse vaccinology [13].
for pertussis,  influenza  and hepatitis A. Other The novelty of reverse vaccinology was not based
approaches consisted in isolation of virulence factors on  growing  microorganisms  but on running algorithms
from the microorganisms, such as toxins or capsular to mine DNA (deoxyribonucleic acid) sequence
polysaccharides. In the 1920s, the exotoxins of information contained in the blueprint of the bacterium.
Corynebacterium  diphtheria  and Clostridium tetani This revolutionary approach to vaccine research “Reverse
were inactivated by formalin, to provide antigens for Vaccinology” indicating that, differently from
immunization against diphtheria and tetanus [3]. conventional vaccinology, the starting-point for vaccine

Advantages: Overall, the conventional vaccinology and no longer the live bacterium [19]. It starts from the
approaches have allowed the control of a number of whole genomic sequence and through computer analysis
important infectious diseases [10]. or other  genomic approaches, predicts those proteins

Limitations: (1) Not all pathogens can be grown in [16]. The approach is widely applicable as there are many
culture, (2) some cell-associated microorganisms require genome sequences available publicly. In the last decade,
specific  cell  cultures  for  growth  and  this is microbial genomic sequencing has experienced an
expensive, (3) extensive safety procedures for personnel exponential growth. Sequencing of 1129 bacterial
and the environment may be required to prevent exposure genomes has been completed and 2893 are currently in
to pathogenic microorganism, (4) insufficient killing or progress. All of the genomic sequences are available in
attenuation may result in the introduction of virulent public databases and they cover hundreds of species, as
organisms into the final vaccine and inadvertently cause well as multiple pathogenic and commensal strains of the
disease, (5) the products may be rather ill-defined and same species [20].
variable and (6) the conventional approach to develop The reverse vaccinology approach consists of
vaccines is time consuming and can take decades. As a mining a genome sequence of a single bacterial isolates.
result, there are several infectious diseases  for  which Pan-genome reverse vaccinology represents an advance
these traditional  approaches  have failed  and   for   which in the use of reverse vaccinology, since it highlights the
vaccines have not yet been developed [11]. potential of looking at  more than one genome for the

Genome-Based Approaches to Vaccine Development represented  by   gene   presence  and  variability  [21].
Reverse Vaccinology Approach  in  Vaccine  Design: The subtractive (comparative) reverse vaccinology
Conventional approaches to develop vaccines, as approach consists of comparing pathogenic and non-
described above, are based on the cultivation of the pathogenic genome sequences in order to select those
microorganisms in vitro and only abundant components antigens that are specific for pathogens and that might be
can be isolated by using biochemical and microbiological involved in pathogenesis. Once potential vaccine
methods. Although successful in many cases, these candidates are identified in silico, the selected open
approaches have failed to provide vaccines against reading frames are amplified, cloned in expression vectors,
pathogens that did not have obvious immunodominant purified and used to immunize mice. The immune sera are
protective antigens [18]. With the advent of whole- used in in vitro assays to measure the ability of specific
genome sequencing and advances in bioinformatics, the antibodies  to  kill  the  pathogen.   The   immunized
vaccinology field has radically changed, providing the animals can be also  used  for  challenging experiments
opportunity for developing novel and improved vaccines. with a lethal dose of the pathogen to measure the
The availability of the complete genome sequence of a protection rate. The best candidates selected by this
free-living organism Haemophilus influenzae in 1995 screening process will enter the final vaccine development
marked the beginning of a “genomic era,” which allowed step [22].
scientists to use new approaches for vaccine design and The reverse vaccinology approach has been
for the treatment of bacterial infections [12]. With this
powerful sequencing technology, a new approach to

design is the in silico analysis of the genome sequences

that are most likely to be effective vaccine components

same bacterial species to overcome the problems

integrated and flanked by the multigenomes comparison
and after that by postgenomic technologies, which
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comprise the combination of transcriptomics, proteomics present on the surface of a set of MenB strains selected
and immunomics. Postgenomic strategies are referred to to represent the diversity of invasive strains within the
as functional genomics, complementing the in silico natural population of the species. In addition, antisera
antigen discovery, not only by directly examining the were tested for bacteriocidal activity, a property that
genetic content but also the transcription and expression correlates with protection in the host. Ninety-one novel
profiles of pathogens. Overall, the combination of surface-exposed proteins were identified, 29 of which
different approaches (“-omics” approaches)-genomics, induced bacteriocidal antibodies. Finally, the sequence
transcriptomics, metabolomics, structural genomics, variability of the potential vaccine candidates was
proteomics and immunomics-are being exploited to design evaluated amongst multiple isolates and serogroups of
new vaccines [15]. Neisseria meningitidis to select five conserved proteins

The Application of Reverse Vaccinology in Vaccine The MenB vaccine candidate discovery programme
Design: There are a number of novel features in the stimulated the use of reverse vaccinology for other
reverse vaccinology approach that have helped to bacterial pathogens. Recent examples of its use in
stimulate interest in its application, particularly for veterinary bacterial vaccine design include its application
microorganisms where the more traditional approaches to Dichelobacter nodosus, the causative agent of ovine
have failed to result in effective vaccines [23]. Using the foot-rot [26] and to Pasteurella multocida, the agent of
genome sequence, the analysis begins by selecting fowl cholera [27].
virtually all relevant proteins that a pathogen can express
either in vivo or  in  vitro,  without prior knowledge of Strategies of Reverse Vaccinology in Selecting
their abundance, immunogenicity or expression during Protective Antigens: A complete genome sequence can
infection. Theoretically, all genes of a pathogen can be be  used  for  the  following   experimental   strategies:  (1)
analyzed when a high throughput system is available to in silico analysis, (2) functional genomics (proteomics
screen them for expression and immunogenicity [14]. and DNA microarray) and (3) comparative genomics

The approach was first applied to identify antigens approach. The three strategies consist of four steps: (1)
as potential candidates for a vaccine against Neisseria selection of a set of genes from the whole genome; (2)
meningitidis serogroup B (MenB) [13]. Prior to this the high throughput cloning and expression of the selected
occurrence of sequence variation in surface-exposed genes;  (3)  purification  of  the recombinant proteins; (4)
proteins was problematic for vaccine design, as was the in vitro and in vivo assays for identification of suitable
cross-reactivity of the serogroup B capsular protective candidates [23].
polysaccharide with human tissues and its capacity to
induce auto-antibodies. Therefore, the genome mining In Silico Analysis for Detection of Virulence Factors,
approach to vaccine development was considered to be Secreted or Surface-Associated Proteins: For in silico
a good alternative way to select genes that encode analysis, a set of bioinformatics algorithms typically is
potentially protective products and to design an effective applied to identify genes encoding proteins or
vaccine for meningococcal meningitis [24]. lipoproteins that are surface exposed, are secreted, or are

Using this approach, 570 open reading frames were virulence factors as these are considered to be the most
deduced from the whole genome sequence of a virulent important molecules in inducing protective immune
MenB strain (MC58) using computer analysis. A subset responses. In silico analysis also can be used for T cell
of these, consisting of genes predicted to encode 70 and B cell epitope predictions that can help optimize
lipoproteins, 96 periplasmic proteins, 87 inner membrane selection of the most relevant vaccine candidates [17].
proteins, 45 outer membrane proteins and 52 proteins with Secreted or surface proteins or lipoproteins are favoured
uncertain prediction, were expressed in Escherichia coli. candidates for vaccine development as they are the most
The recombinant proteins were purified and used to easily accessible  microbial  antigens to the immune
immunize mice. Immunogenicity analysis was undertaken system [28].
using enzyme-linked immunosorbent assays with the In practice, virulence factors either alone or in
mouse sera. Fluorescence activated cell sorter (FACS)
analysis was used to detect and screen proteins that were

for vaccine design [25].

combination with other bacterial components are
constituents of many of the current vaccine formulations.
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For this reason, the search for virulence associated encoded by the genome has been defined as “proteome”
factors of bacterial pathogens is considered to be an [23]. In proteome analysis, a protein mixture (example,
important step in vaccine discovery-as some of these outer membrane  preparations  or  whole cell lysates) is
molecules may be useful protective antigens. Comparison first resolved in its individual components using
of the predicted coding sequence with the known genes separation procedures. Once separated, each protein
in a database using BlastX or BlastN homology search undergoes digestion with a specific protease to generate
tools is a convenient way to identify a putative virulence discrete peptide  fragments  of which the molecular
gene.  Blast  programmes  allow functional annotation of masses can be accurately evaluated by mass
a set of genes derived from a pathogen’s genome and spectroscopy. The experimental result is then compared
recognize motifs that they share with genes of known with theoretical results expected for the same specific
function [14]. degradation of all predicted proteins from the genome

Functional Genomics: Functional genomics linking identified as the product of a specific gene [11].
genotype, through transcriptomics and proteomics, to Advancements in proteomic approaches have
phenotype has been applied to many pathogens to enabled researchers to  explore  this novel strategy in
identify  genes  essential  to  survival or virulence that order to identify vaccine targets and proteins of
may be valid vaccine candidates. Functional genomics is therapeutic interest. A powerful and attractive application
the study of the functional expression of an organism’s of proteomics to identify vaccine candidates was reported
genomic information [17]. The aim of functional genomics after analyzing the surface proteome of Streptococcus
is to reveal the links between a specific genotype and its pyogenes (mainly referred to as group A Streptococcus)
corresponding phenotype. The phenotype results from [30].
the expression of genes through conversion into
systemic, catalytic and regulatory products and is a DNA Microarray: DNA microarray based approaches
complex function of genotype and environment [29]. have achieved rapid ascent in a variety of fields to study

Proteomics: Although bioinformatics tools can predict diseases. DNA microarray (DNA chips) technology
the cellular location of bacterial proteins using homology appears to be particularly attractive for the analysis of
searches, they are not capable of providing a perfect organisms with relatively simple genomes, as in the case
indication of protein sub-cellular localization. In addition, of bacteria. DNA chips carrying the entire bacterial
the expression, quality and quantity of cell surface protein genome can be easily prepared, allowing whole genome
composition vary due to environmental pressures and expression analysis. Bacterial microarrays promise to be
host metabolism [23]. Finally, it is often difficult to predict particularly  helpful  in   new  virulence  gene  hunting.
the function of a protein based on homology to other The complex interaction between host and pathogen is
proteins. The high-throughput capacity of mass now being explored using microarrays [31, 32]. Virulence
spectrometry coupled with two-dimensional gel gene expression can be monitored by growing the
electrophoresis separation of proteins and genome pathogens in the appropriate in vivo models (cell cultures
sequencing has introduced the new research field of and/or animals) and, after  recovering the bacteria for
proteomics, which allows quantification of protein RNA preparation and labeling, the gene activity is
expression. This functional genomics stage deals with the analyzed and compared with the expression of the genes
experimental identification and selection of target under in vitro conditions. It is possible to elucidate all of
proteins, particularly using proteomics techniques the host genes and those of the bacteria whose
(typically two-dimensional gel electrophoresis or liquid expression is modified (up or down regulated) during
chromatography and mass spectrometry) [15]. host-pathogen interaction [19].

With the availability of genomic sequences, the The availability of whole genome sequence data
progress achieved in two-dimensional gel electrophoresis allows the preparation of DNA microarrays that represent
separation techniques and advances in mass the whole bacterial genome. Such microarrays can be
spectrometry analysis means that it is now possible to hybridized with cDNA that is prepared from extracted
separate, identify and catalogue the proteins expressed in RNA of a microorganism grown under different growth
a cell under several conditions. The entire set of proteins conditions (e.g. in vivo versus in vitro growth). In this

sequence. In this way, the protein can be unequivocally

the function of genes in the pathogenesis of infectious
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way analysis  of  the  transcriptome allows identification serotypes of GBS have been described; however, the
of genes that are up regulated in vivo [13]. The first
example where microarray technology was successfully
used  to  identify  potential vaccine  candidates,  as  well
as new virulence genes, was in the case of Neisseria
meningitidis, where gene regulation was studied after
interaction of the bacterium with human epithelial cells
[33]. RNA was isolated from adherent and non-adherent
bacteria and comparatively analyzed on DNA microarrays
carrying the entire collection of PCR-amplified MenB
genes. Bacterial adhesion to epithelial cells altered the
expression of approximately 350 genes: 189 genes were up
regulated and 151 genes were down regulated.

In a more recent veterinary example, [34] used DNA
microarrays to identify a core set of 13 up-regulated and
16 down-regulated genes in Pasteurella multocida
isolated from the liver and blood stream of infected
chickens. Again such data can help to evaluate the
usefulness of gene products that have been short-listed
as novel vaccine antigens in the reverse vaccinology
approach.

Pan-genome  and Subtractive Reverse Vaccinology:
While the genome sequence of a single strain reveals
many aspects of the biology of a species, it fails to
address how genetic variability drives pathogenesis
within a bacterial species and also limits genome-wide
screens for vaccine  candidates  or for antimicrobial
targets to a single strain [21]. The availability of genome
sequences for different isolates of a single species
enables quantitative analyses of their genomic diversity
through comparative genomic analyses [35].

The pan-genome can be defined as the global gene
repertoire pertaining to a species. In general, it can be
divided in three parts: the core-genome, which includes
the set of genes invariably present and conserved in all
the isolates;  the  ‘dispensable genome’, comprising
genes present in some but not all the strains and the
strain-specific genes, which are  present  only in one
single isolate [16].

The advantage of multiple genome analysis in
vaccine design is highlighted by the discovery of
universal vaccine candidates against Streptococcus
agalactiae, the group B Streptococcus (GBS). GBS is
responsible  for  infection and  death  in human  infants,
as  well   as   mastitis   in   cattle.   Nine distinct   capsular

major  disease-causing  isolates in Europe and USA
belong to  only  five  serotypes:  Ia,  Ib, II, III and V [36].
A comparative genomic hybridization analysis revealed
that there  was significant variation in gene content
among different clinical isolates of GBS, supporting the
idea that one genome sequence was not enough to fully
capture the diversity of the species and to enable the
identification of broadly protective vaccine candidates.
For this reason, additional GBS strains belonging to the
five major serotypes were sequenced and compared
allowing the definition of the species pan-genome [37].

Subsequently, in order to develop a universal
vaccine with a broad range of coverage against the major
circulating strains, a combination of antigens
representative of different strains of Streptococcus
agalactiae  were  included. Bioinformatics algorithms
were used to select from the pan-genome genes that
encode putative  surface  associated and secreted
proteins [15]. After testing a consistent number of
selected proteins in a mouse model of infection, four
antigens were identified that were capable of significantly
increasing the survival rate among challenged mice.
Unexpectedly, only one of these antigens was part of the
core-genome, the remaining three belonged to the
dispensable genome. The final vaccine formulation
comprises a combination of the four antigens, which
provide overall almost universal strain coverage, with
levels of protection similar to those seen when using
capsular carbohydrate-based vaccines [38]. This example
demonstrates the importance of having access to the
genome sequence of multiple strains and performing up-
front genome comparisons

The successful use of multi-strain genome analysis
and the screening described for Streptococcus agalactiae
provides the basis for the potential development of
universal protein-based vaccines against other important
and highly variable bacterial pathogens. The pan-genome
concept has shown that the initial strategy of sequencing
one or two genomes per species is not necessarily
sufficient and that multiple strains may need to be
sequenced to understand the basis of bacterial species
and to overcome the problem represented by gene
variability [39].

While  in  the  case  of  Streptococcus  agalactiae,
the group B Streptococcus (GBS), comparative genome
analysis has been applied to disease-causing isolates, an
alternative approach is the comparison between
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pathogenic and non-pathogenic strains of the same CONCLUSION
species. This kind of comparative genome analysis can
provide the information  necessary for the identification
of antigens that really  make  the difference in
pathogenesis [3].

Many bacterial species exist  in  the human and
animal gut flora, both as commensal and pathogenic
strains. By comparing the genomic sequences of the two
types,  one  can  identify pathogenic specific  traits  [14].
In this regard, a new concept of subtractive (comparative)
reverse vaccinology was applied for the first time to the
pathogenic Escherichia coli species. Escherichia coli is
a  commensal  member  of the gastrointestinal flora of
most mammals. Additionally, several facultative and
obligate pathogenic variants exist that cause various
types of intestinal or extraintestinal infections in humans
and animals. Extraintestinal pathogenic Escherichia coli
(ExPEC) are facultative pathogen known to cause
infections such as urinary tract infection and newborn
meningitis [40].

Recently an  innovative  approach was reported
based on reverse vaccinology to develop a vaccine
against the  extraintestinal  Escherichia coli infections
[41]. As a first step, the neonatal meningitis-associated
Escherichia coli K1 strain IHE3034 genome was
sequenced. This sequence was then compared to that of
the nonpathogenic  Escherichia coli MG1655, DH10B
and W3110 strains since a vaccine directed against
commensal or nonpathogenic strains could have potential
implications for the equilibrium of the normal instestinal
flora. In particular, the comparison between IHE3034 and
MG1655 revealed the presence of 19 genomic islands
absent in the MG1655 genome. Many of these genomic
islands contained the typical features of the pathogenicity
islands, such as the  presence  of an integrase and
transfer ribonucleic acid genes and a different G+C%
content compared to the core genome. Subsequently, an
in silico analysis was performed comparing IHE3034 with
two other ExPEC strains, namely 536 and CFT073 [22].

By in silico analysis, specific Extraintestinal
pathogenic Escherichia coli (ExPEC) shared antigens
predicted to be surface associated or secreted were
selected, whereas the presence and the level of similarity
of these antigens in the nonpathogenic strains mentioned
before were used as exclusion criteria (hence the term
subtractive). Among the predicted surface-exposed
proteins, nine  vaccine  candidates were identified to
confer protection [16, 42].

The conventional approach to vaccine development
was based on the works of Jenner and Pasteur. Despite
several successes, there are several infectious diseases
for which conventional approaches for vaccine discovery
have failed. The availability of complete microbial genome
sequences in combination with novel advanced
technologies has provided a new impulse to microbial
research. The genome era has revolutionized vaccine
development and catalyzed a shift from conventional
culture-based approaches to genome-based vaccinology.
Therefore, potentially surface-exposed proteins can be
identified in a reverse manner, starting from the genome
rather than   from   the  microorganism.   Furthermore,
Pan-genome  reverse  vaccinology highlights  the
potential of multi-strain genome analysis for the same
bacterial species to overcome the problems represented
by  gene  presence  and  variability.  The advantage of
pan-genome approach in vaccine design was highlighted
by the discovery of universal vaccine candidates against
disease-causing isolates of  Streptococcus agalactiae,
the group B Streptococcus (GBS). Alternatively,
comparative genome analysis between pathogenic and
non-pathogenic strains of the same species can provide
the information necessary for the identification of
antigens that really make the difference in pathogenesis.
In this regard, subtractive reverse vaccinology was
applied for Escherichia coli species to identify
pathogenic specific traits and ideal targets were
discovered for a vaccine that will not interfere with the
natural commensal gut flora of the host. It is concluded
that rapid identification of novel targets by the reverse
vaccinology  approach  should be applied widely to
design effective vaccine against those pathogens for
which   the    conventional    approaches    have  failed.
The ever-growing body of genomic data and new
genome-based approaches should play critical role in
future to enable timely development of vaccines against
newly emerging infectious diseases.
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