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The advent of whole-genome sequencing of bacteria and

advances in bioinformatics have revolutionized the study of

bacterial pathogenesis, enabling the targeting of possible

vaccine candidates starting from genomic information.

Nowadays, the availability of hundreds of bacterial genomes

enables identification of the genetic differences across several

genomes from the same species. The unexpected degree of

intra-species diversity suggests that a single genome

sequence is not entirely representative and does not offer a

complete picture of the genetic variability of a species. The

practical consequence is that, in many cases, a universal

vaccine is possible only by including a combination of antigens

and this combination must take into account the pathogen

population structure.
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Introduction
The late 1990s marked the beginning of the era of
genomics, with the publication of the first genome
sequence of a free-living organism, that of the bacterium
Haemophilus influenzae [1]. Since then, access to the entire
genetic content of human pathogens and advances in
bioinformatics analysis have opened innovative and effi-
cient research avenues for the identification of a wide
array of novel antigens for potential use as vaccines
against infectious disease.

Genomic sequencing has since experienced an exponen-
tial growth; almost 300 bacterial genomes have been
completed and more than 500 are currently being
sequenced. All these sequences are available in public
databases and represent hundreds of species, as well as
multiple strains of the same species.

It is now possible to compare the sequences of related
bacteria, compare pathogens with commensals of the
same species or those of a related species, and even
compare bacteria with different or with similar patho-
genic profiles, enabling the putative identification of
disease-related genes.

‘Classical’ reverse vaccinology
An example of the first application of reverse vaccinology
that is a demonstration of the power of genomic
approaches for target antigen identification is the attempt
to develop a vaccine against serogroup B Neisseria menin-
gitidis [2], the major cause of sepsis and meningitis in
children and young adults.

For several decades, meningococcus posed insurmounta-
ble obstacles to conventional vaccinology approaches;
these were overcome by mining the information from
the sequenced N. meningitidis genome. While the genome
sequencing project was still in progress — starting from
the concept that secreted or extracellular proteins, which
associate with bacterial membranes, are more easily
accessible to antibodies and therefore represent ideal
vaccine candidates — the incompletely assembled
DNA fragments were screened using computer analysis
to select proteins predicted to be present on the bacterial
surface or proteins with homologies to known bacterial
factors involved in pathogenesis and virulence.

More than600 genespredicted to code for surface-exposed
proteins were identified, half of which were expressed and
tested for immunogenicity. From this, 91 antigens were
identified, 29 of which were novel protective antigens.
Some of these candidates are now in clinical trials.

The successful MenB (serogroup B N. meningitides) exam-
ple has prompted the application of the reverse vaccinol-
ogy to other pathogens, such as Streptococcus pneumoniae
[3], Porphyromonas gingivalis [4], Chlamydia pneumoniae [5],
Bacillus anthracis [6] and many others.

This genome-based approach is now used routinely in
vaccine development, and is a major tool in the quest for
vaccines, becoming therefore a ‘classical’ approach.

‘Pan-genomic’ reverse vaccinology
Following the pioneering effort on N. meningitidis, the
classical reverse vaccinology approach has been applied to
a growing number of microorganisms. In 2002, the
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complete sequence of a virulent isolate of Streptococcus
agalactiae (group B streptococcus or GBS), one of the
leading causes of bacterial sepsis, pneumonia and menin-
gitis in neonates in the USA and Europe, was determined
[7]. Using the sequenced strain as a reference, compara-
tive genomic hybridization (CGH) was applied to circum-
vent the need for sequencing multiple closely related
genomes, enabling study of the genetic diversity of this
species. Comparisons of this kind reveal regions of loss
and/or retention with respect to the reference strain. It
was found that approximately 18% of the genes encoded
in the sequenced strain are absent in at least one of the
other nineteen tested S. agalactiae strains. However, CGH
experiments are only able to identify the portion of the
sequenced genome that is shared with other test strains,
and is not able to detect genes that are absent in the
reference genome; thus, this leaves open the question of
defining the panel of genes that pertain to the entire
bacterial species. Following this work, the sequences of
six additional strains of S. agalactiae were determined
[8,9!]. Using this new information, mathematical extra-
polation enabled researchers to estimate that 1806 genes
are shared by all strains of S. agalactiae, and these genes
form the species ‘core genome’. This represents approxi-
mately 80% of the average number of genes encoded in
each strain. Although the core genome includes genes
that belong to many functional categories, the house-
keeping genes are over-represented, suggesting that
the core genome mainly encodes factors for functions
that contribute to the major metabolic pathways, which
are shared by all strains and define the species identity.
The complementary set of genes that are absent in at least
one strain form the ‘dispensable genome’, which is prob-
ably responsible for the adaptation of individual strains to
environmental conditions specific to particular ecological
niches. In the case of GBS, it was found that each new
sequence contributed between thirteen and 61 genes
previously not found in GBS. On the basis of these data,
the size of the species pan-genome (i.e. the set of genes
that would be found at least once if an infinite number of
strains were to be sequenced) was estimated. Surpris-
ingly, mathematical extrapolation of the existing data
predicts that, no matter how many strains have been
sequenced, each new sequence would contain genes that
have not been encountered before, leading the counter-
intuitive conclusion that this species pan-genome con-
tinues to grow without bounds as the number of
sequenced strains grows.

These findings proved instrumental to the design of a
universal vaccine against GBS [10!]. Use of computa-
tional algorithms enabled the prediction that GBS con-
tains 589 surface-associated proteins, of which 396 were
core genes and the remaining 193 were genes absent in at
least one strain. Each of these proteins was tested for
protection against GBS, and four antigens were able to
elicit protective immunity in an animal model. The

important novelty of this study is that none of these
antigens could be classified as universal, because three
of them were absent in a fraction of the tested strains, and
the fourth core gene showed negligible surface accessi-
bility in some strains. The use of multi-genome sequence
information for vaccine design represented a major con-
ceptual step from the common concept that a single
genome sequence is sufficient to identify surface-asso-
ciated proteins to be tested as potential vaccine candi-
dates. Because a single genomic sequence is not sufficient
to represent the variability of bacterial populations, multi-
ple sequences might be needed to identify a vaccine
formulation that is effective in the case of a highly
differentiated species, and this situation is likely to be
common to many important bacterial pathogens.

Recent evidence has shown that the genetic variability
within single naturally occurring, seemingly homogenous
populations of bacteria could be much higher than
expected. For instance, an high-throughput study of
the genomic diversity within a single population of a
coastal bacterioplankton, showed that a single environ-
mental niche could host greater than a thousand distinct
genotypes, all sharing at least 99% 16S rRNA identity
[11!!]. Analyzing in detail twelve randomly chosen
clones, the authors showed extensive allelic heterogene-
ity, with genomes varying in size by greater than 20%, and
with no spatial or temporal substructure in the population.
These results could be relevant in the design of vaccines
against mainly commensal pathogens that occasionally
become pathogenic, such as non-pathogenic and patho-
genic types of E. coli [12].

For uropathogenic strains of E. coli, acquisition of a
pathogenicity island resulted in conferring it the ability
of to infect the urinary tract and bloodstream and evade
host defences without compromising its ability to harm-
lessly colonize the intestine. If the genotypic variability of
the colonizing population shows a similar degree of het-
erogeneity to that found in environmental samples, vac-
cine formulates against these pathogens should be
designed to cover a wide panel of circulating strains.

From population genomics to population
vaccinology
The accumulation of evidence concerning the degree of
genomic diversity of pathogenic microbial species has
resulted in increased attention to the characterization of
internal structures of bacterial populations. Indeed, when
a universal vaccine is only obtainable by using a combina-
tion of antigens chosen from different strains, their selec-
tion should take into account the population structure of
the microorganism, weighting each representative strain
with its relevance in the epidemiology of the disease.

The first epidemiological studies that observed a certain
degree of association of particular serotypes with disease
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[13], suggested an oversimplified, clonal view of bacterial
populations. Subsequent multi-locus enzyme electro-
phoresis studies [14,15] enabled the application of theo-
retical and statistical methods of population biology to
bacteria [16], suggesting the existence of at least three
different kinds of bacterial populations: clonal species,
like Salmonella, where mutation is the only active evolu-
tionary force; panmictic (i.e. fully sexual) species, such as
Neisseria gonorrhoeae, whose population structure is mainly
determined by recombination; and epidemic species,
such as Neisseria meningitidis, composed of a sexual back-
ground of relatively rare, highly recombining and unre-
lated genotypes, as well as single, highly adaptive
genotypes that expand clonally giving rise to hyperviru-
lent clusters.

The advent of multi-locus sequence typing (MLST) [17]
— on the basis of the analysis of DNA sequences col-
lected from seven, selectively neutral housekeeping loci
— greatly enhanced the resolution of bacterial population
studies. Collection of such sequences from several iso-
lates enabled quantification of the contributions of muta-
tion and recombination to the population structure of
various species [18,19]. At present, MLST schemes are
publicly available for 21 microbial species (see http://
www.mlst.net), with thousands of isolates characterized
for each of these.

However, the assumption that loci such as genes coding
for antigenic proteins, under environmental selection
share the same evolutionary history as neutral loci might
lead to incorrect results.

Whereas MLST studies based on neutral loci provide
accurate representations of the micro-evolutionary struc-
tures of a bacterial population, recent studies demon-
strated that genes exposed to the selective pressure of the
host immune system might substantially violate such
predictions [20].

As a consequence, in a vaccine-focused perspective, it
appears that the identification, characterization and map-
ping of non-neutral loci in order to detect adaptive
genetic signatures and obtain a more comprehensive
and epidemiologically-oriented picture of bacterial popu-
lations are increasingly important.

The recent application of genome-wide single nucleotide
polymorphism analysis to Mycobacterium tuberculosis [21]
provides a significant contribution is this direction, where
the final goal remains the ability to exhaustively sample
the genomic content of microbial populations, from a
‘genome-wide population vaccinology’ perspective.

Conclusions
The availability of an increasing number of bacterial
genomes has prompted the application of the reverse

vaccinology approach to pathogens, for which classical
vaccinology has failed. The major drawback of using the
genome sequence of a single strain is that it does not offer
a complete picture of the genetic diversity of a species.
The attempt to develop a universal vaccine against GBS
[6] has demonstrated that the sequences of multiple
genomes from each species are needed to cover the
diversity of many bacterial pathogens, opening the era
of the pan-genomic reverse vaccinology.

The natural next step to achieve a more comprehensive
and epidemiologically related picture of bacterial popula-
tions will be population vaccinology, leading to the for-
mulation of vaccines from a collection of proteins that,
together, protect against themajor circulating populations
of a pathogen. In addition, the sequencing of human and
pathogen genomes has provided vast amounts of data
relevant to the study of human immune responses and
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Figure 1

Flow chart for antigen discovery and refinement of the search. Three
major genome-based approaches are involved in the identification of
new potential vaccine candidates: (a) analysis of a single genome
sequences in order to select secreted or extra-cellular proteins to
identify potential vaccine candidates, (b) comparison of multiple
genomes of the same species to assess intra-species diversity,
(c) population genomics to achieve a more comprehensive coverage
against the major circulating species. These three steps lead to
(d) population vaccinology, which takes into account antigen variability
and population structure, (e) allowing a more rational design of a new
generation of vaccine targets. (f) Further in silico screening, such as
epitope-mapping and structure-oriented bioinformatics, will refine the
search.
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complex host–pathogen interactions. The improvement
of immuno-informatic tools, such as T-cell and B-cell
epitope-mapping algorithms, and of structure-oriented
bioinformatics [22,23] will enable the refinement of the
search for (Figure 1) and design of a totally synthetic
vaccine containing strings of the best epitopes encoded
by the microorganism.

Complex vaccines containing T-cell and B-cell epitopes
alongside cytotoxic T-lymphocyte epitopes derived from
a variety of pathogens have already been constructed and
tested [24]. A more recent study has shown that entirely
synthetic epitope-driven vaccines elicit strong T-cell and
B-cell responses, reaching the minimal requirements for
an efficient vaccine in a single molecule [25].

Indeed, the application of epitope-driven vaccination to
Streptococcus pyogenes resulted in protective immunity
against a lethal challenge in an experimental animal
model [26].

Over the next few years, integration of all these strategies
will permit a more rational design of a new generation of
vaccine targets.
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