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A decade after the beginning of the genomic era, the question

of how genomics can describe a bacterial species has not been

fully addressed. Experimental data have shown that in some

species new genes are discovered even after sequencing the

genomes of several strains. Mathematical modeling predicts

that new genes will be discovered even after sequencing

hundreds of genomes per species. Therefore, a bacterial

species can be described by its pan-genome, which is

composed of a ‘core genome’ containing genes present in all

strains, and a ’dispensable genome’ containing genes present

in two or more strains and genes unique to single strains. Given

that the number of unique genes is vast, the pan-genome of a

bacterial species might be orders of magnitude larger than any

single genome.
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Introduction to the pan-genome
Ten years after the first sequence of a free-living organ-

ism was revealed, public databases contain 239 complete

bacterial genomes. However, as shown in Table 1, in 83%

and 8% of the cases, only one or two genomes per

bacterial species have been sequenced, respectively. In

a recent work [1��], eight genomes representative of the

serogroup (see Glossary) diversity among group B Strep-
tococcus (GBS) strains were analyzed to answer the ques-

tion of how many genomes are needed to fully describe a

bacterial species. EachGBS strain was found to contain an

average of 1806 genes that are present in every strain (core

genome [see Glossary]), plus 439 genes that are absent in

one or more strains (dispensable genome [see Glossary]).

The dispensable genes are also divided into genes pre-

sent in two or more but not all strains (18% of the genome)
www.sciencedirect.com
and genes unique to each strain (1.5% of the genome).

Mathematical modeling based on the eight genomes

showed that unique genes will continue to emerge even

after hundreds or thousands of genomes are sequenced

[1��]. Hence, core and dispensable genes represent the

essence and the diversity of the species, respectively.

The surprising conclusion from the study is that, in

theory, the bacterial species will never be fully described,

because new genes will be added to the genome of the

species with each new genomic sequence. Therefore, the

best approximation to describe a species is to use the

concept of the pan-genome (‘pan’ — ‘pan’ in Greek —

means ‘whole’ [see Glossary]), which is made up of the

sum of core and dispensable genomes (Figure 1). In the

case of GBS, presently, the pan-genome contains 2713

genes, of which 1806 belong to the core genome, and 907

belong to the dispensable genome. The GBS pan-gen-

ome is predicted to grow by an average of 33 new genes

every time a new strain is sequenced (Figure 1). Similar

analysis [1��] carried out on five strains of Streptococcus
pyogenes revealed a similar genomic diversity, indicating

an asymptotic value of 27 specific genes for each new

genome added, leading, again, to an ‘open’ pan-genome.

A different behavior was observed in the study of eight

independent Bacillus anthracis isolates. In this case, the

number of specific genes added to the pan-genome was

found to rapidly converge to zero after the addition of only

a fourth genome [1��]. Hence, the B. anthracis species has
a ‘closed’ pan genome, and four genome sequences are

sufficient to completely characterize this species.

In this review, we discuss how the concept of the pan-

genome might fit with the available data and consider

which experiments need to be done to address the

questions raised by this concept.

A large microbial gene pool driving evolution
Much indirect evidence had already hinted at the concept

of the pan-genome, even before it was properly defined

by mathematical quantification [1��]. Several studies of

subtractive hybridization and comparative genome hybri-

dization (CGH) using multiple isolates of the same spe-

cies had shown that bacterial species such as Helicobacter
pylori, Staphylococcus aureus and Escherichia coli display an

extensive genetic diversity, with an average of 20–35% of

genes being specific for a single strain [2–4].

The presence of so many strain-specific genes in each of

these species suggests that — as in the case of GBS —

they could also display an open pan-genome. This raises
Current Opinion in Genetics & Development 2005, 15:589–594
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Glossary

Core genome: The pool of genes shared by all the strains of the

same bacterial species.

Dispensable genome: The pool of genes present in some — but not

all — strains of the same bacterial species.

Lateral gene transfer: Mechanism by which an individual of one

species transfers genetic material (i.e. DNA) to an individual of a

different species.

Pan-genome: The global gene repertoire of a bacterial species: core

genome + dispensable genome.

Serogroup: Group of related bacterial strains characterized by the

same composition of the capsular polysaccharide.

Figure 1

The set of genes pertaining to a species, or species pan-genome,

depends on the number of available genome sequences. In this figure,

the size of S. agalactiae (red dots) and B. anthracis (blue triangles)

pan-genomes are shown as a function of the number of sequenced

strains. The curves represent a mathematical extrapolation of the data

to a large number of strains. The size of a species pan-genome can

grow with the number of sequenced strains, or quickly saturate to a

limiting value. The S. agalactiae pan-genome is ‘open’; the B. anthracis

one is ‘closed’. After sequencing a large number of strains, the number

of dispensable genes in an open pan-genome is orders of magnitude

larger than the size of the core genome, forcing us to reconsider the

definition of a bacterial species.
the question of whether the microbial world contains

enough genes to fit the prediction of such a vast gene

pool generated by the pan-genome.

For instance, it has been shown that a single environ-

mental sample of DNA from marine water encodes more

than 1.2 million previously unknown genes from 1800

predicted genomic species [5��]. Similar results have also

been obtained for a totally different ecosystem, the

human gastrointestinal tract. In this case, almost 400

different bacterial phylotypes were identified, of which

244 were novel [6�]. Even more impressive is the recent

estimate of 107 distinct bacterial species in a 10 gram soil

sample containing a total of approximately 1010 cells [7��],
a species diversity two orders of magnitude larger than

previous estimates [8], showing that further quantitative

and rational explorations of microbial ecology are strongly

needed [9�]. Furthermore, a great heterogeneity was also

identified when looking at a single species within a well-

defined natural bacterial population: 16S RNA sequen-

cing and pulse-field gel electrophoresis (PFGE) analysis

were performed to study the diversity associated with the

species Vibrio splendidus within coastal bacterioplankton,

revealing in this same species the presence of as many as
Table 1

Number of genomes sequenced in different bacterial species.

Species with sequenced genome(s)

Streptococcus agalactiae, Bacillus anthracis, Burkholderia mallei

Burkholderia pseudomallei

Staphylococcus aureus, Streptococcus pyogenes

Salmonella enterica, Escherichia coli, Bacillus cereus, Chlamydophila pneu

Haemophilus influenzae, Listeria monocytogenes, Xylella fastidiosa

Prochlorococcus marinus, Buchnera aphidicola, Burkholderia cenocepacia

ruminantium, Legionella pneumophila, Pseudomonas syringae, Streptoc

Yersinia pestis

Streptococcus pneumoniae, Mycobacterium tuberculosis, Neisseria menin

licheniformis, Bifidobacterium longum, Campylobacter jejuni, Chlorobium

Corynebacterium glutamicum, Haemophilus somnus, Helicobacter pylor

Leptospira interrogans, Mycoplasma genitalium, Pseudomonas aerugino

Staphylococcus epidermidis, Synechococcus elongates, Thermus therm

Tropherymaa whipplei, Vibrio vulnificus, Xanthomonas campestris

Various species

Bacterial species for which multiple sequenced strains are available repre

been sequenced to date. In this table, we report the number of strains for the

of sequenced bacterial species.
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1287 distinct genotypes, most of which are differentiated

by the insertion or deletion of large genomic elements

[10��]. Although new genes can originate through dupli-

cation of existing sequences, followed by diversification,

the most common way to acquire new functions is by the
Number of species

(% of the total)

Number of genomes

sequences per species

3 (1.2%) 8

1 (0.4%) 7

2 (0.8%) 6

moniae, 7 (2.8%) 5

, Ehrlichia

occus thermophilus,

8 (3.2%) 3

gitidis, Bacillus

phaeobacteroides,

i, Lactococcus lactis,

sa, Shigella flexneri,

ophilus,

21 (8.3%) 2

211 (83.3%) 1

sent a small fraction of the species for which only one strain has

se species, and the percentage that they represent over the total number
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transfer of genetic material from unrelated organisms.

The importance of the mechanisms of lateral gene trans-

fer (see Glossary) in evolutionary processes has been hotly

debated in recent years [11–16,17�,18], but it is now

generally accepted that it represents an evolutionary ‘fast

route’, which enables an organism to quickly adapt to a

changing environment.

Genes from this large pool are continuously exchanged

within and between bacterial species by three main pro-

cesses: (i) by transformation, when genetic material can be

taken up from the environment; (ii) by transduction, when

the DNA is delivered by a virus; and (iii) by conjugation,

when DNA is directly exchanged between cells. Trans-

formation and conjugation require that the source and

target organisms live in close contact, and bacteriophages

might enable bacterial species populating different envir-

onments to exchange genetic material, which often con-

tains genes that are crucially important for pathogenesis

[19�]. Considering that the global population of phages has
been estimated to be in the range of 1031 and that they are

responsible for an average of 1023 infections per second

[20], it is easy to conclude that the global pool of genes
Figure 2

Diversity of the microbial universe. Recent experimental findings have show

than expected [5��,6�,10��,20], raising the question of what is the origin of th

by conjugation, transformation and phage infection (transduction), and expe

amount of genetic material available in single ecosystems is large enough t

the contribution of mechanisms of lateral gene transfer to the innovation rat

contribution to species diversification [18,19�,20,21]. To date, of all this divers
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present in themicrobialworld is likely to exceedby several

orders of magnitude any estimate that has been made to

date, and that the presence of billions of genes is no longer

unexpected (Figure 2).

The surprisingly large gene pool described here suggests

that, during evolution, the vast majority of novel func-

tions were probably generated in the microbial world and

not in large animals, such as humans, which have only

25 000–35 000 genes. The consequence of this would

be that microbes and large animals might have totally

different roles in evolution. In fact, under this theory,

microbes would generate new genes and functional mod-

ules, whereas large animals would evolve by first taking

up modules generated by microbes and then by rearran-

ging them in many different ways within the genome

itself and by alternative splicing of the mRNAs.

Core and dispensable genes
In general, the core genome includes all genes respon-

sible for the basic aspects of the biology of a species and

its major phenotypic traits. By contrast, dispensable genes

contribute to the species diversity and might encode
n that the genetic diversity within bacterial populations is much higher

is genetic diversity. Bacteria can acquire genes from the environment

rimental studies on environmental samples have shown that the

o constitute a virtually infinite reservoir of new genes. Estimates of

e show that genes acquired through this route give an essential

ity, less than 1000 microbial genomes have been completely sequenced.
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supplementary biochemical pathways and functions that

are not essential for bacterial growth but which confer

selective advantages, such as adaptation to different

niches, antibiotic resistance, or colonization of a new host.

Such genes are generally clustered on large genomic

islands that are typically flanked by short repeated

DNA sequences and are characterized by an abnormal

G + C content. Investigation and functional annotation of

dispensable genes reveals that hypothetical, phage- and
Figure 3

Dendrograms of the eight Streptococcus agalactiae (a) and thirteen B. cere

shared with other strains was used to define a distance matrix. The matrix w

method, as implemented in the NEIGHBOR program of the PHYLIP suite (h

are proportional to the fraction of the gene content not shared between the

to 1% difference in gene content.

For each S. agalactiae strain, serogroup (bold, roman letters) and sequence

group genomes are available for downloading at http://www.ncbi.nlm.nih.go

S. agalactiae strains is comparable to the distance between B. anthracis sta

B. anthracis as an autonomous species questionable.
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transposon-related genes account for the vast majority of

findings, whereas in a typical genome this type of gene

represents much smaller percentages [21]. The fact that

these genes aremostly associatedwith a limited number of

strains indicates a weak positive selection for these func-

tions and shows that mobile elements contribute poorly to

the overall fitness and differentiation of the species,

although sometimes they can carry important genes

[19�,22��]. Given that these genes are not necessary for
us group (b) genomes. The fraction of genes of one strain that is not

as then used to build a dendrogram with the neighbor-joining

ttp://evolution.genetics.washington.edu/phylip.html). Tree branches

different isolates, and the ruler shows the length corresponding

type (ST) are reported in brackets. The S. agalactiae and B. cereus

v. From the figure, it is evident that the distance between two

ins and other B. cereus group species, making the definition of

www.sciencedirect.com
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survival or maintenance of the species, they can also be

deleted from the genome; however, in pathogenic species,

this loss is often accompanied by a parallel reduction in

virulence. For example, a spontaneous loss of the genes

coding for fimbriae, hair-like projections thought to have

an important role in colonization, has been observed in

successive passages of in vitro cultures of Haemophilus
influenzae and E. coli. Similarly, GBS was recently found

to encode a pilus-like structure, which is not ubiquitous in

all strains, and the presence or absence of which could be

related to either gene acquisition or loss [23].

Serotypes and sequence types do not
correlate with genomic diversity
Classical methods to catalogue bacterial species are based

on knowledge convenient phenotypic traits. The most

popular is the agglutination of bacterial cells by specific

antisera against the capsular polysaccharide surrounding

many pathogens. For a variety of encapsulated bacteria,

this method has been widely used for epidemiology stu-

dies andvaccinedesign, assuming that all strainsbelonging

to the same serogroup are similar. More recently, techni-

ques such as multilocus enzyme electrophoresis (MLEE)

andmultilocus sequence typing (MLST), which are based

on the detection of variability associated with housekeep-

ing genes, were applied to several bacterial species and led

to the classification of strains into ‘clonal complexes’ and

sequence types, respectively.

However, comparison of the whole genome sequences of

GBS strains has shown that the genomic diversity does

not segregate with serotypes or MLST sequence-types

(Figure 3a). In fact, the analysis revealed that, often,

isolates belonging to different serogroups are more closely

related than are isolates of the same serogroup, and that

strains of the same sequence type can be genetically very

distant (Figure 3a). The reason for the absence of correla-

tion between serotypes and genetic diversity is likely to

reside in the fact that capsular specificity genes are

present in the dispensable genome, which is exchanged

freely between strains with different genetic background.

By contrast, the genes used to determine the MLST type

belong to the core genome, and they do not pick up

similarities present in the dispensable genome, which

often are linked to pathogenic features.

Challenging the concept of species
Species can have an open or a closed pan-genome. An

open pan-genome is typical of those species that colonize

multiple environments and have multiple ways of

exchanging genetic material. Streptococci, Meningococci,
H. pylori, Salmonellae and E. coli have these properties

and are likely to have an open pan-genome. By contrast,

other species such as B. anthracis, Mycobacterium tubercu-
losis and Chlamydia trachomatis, which are known to be

more conserved, live in isolated niches with limited

access to the global microbial gene pool. Such species,
www.sciencedirect.com
with a low capacity to acquire foreign genes, have a closed

pan-genome. An extreme example is represented by

Buchnera aphidicola, an endosymbiont of aphids, the gen-

ome of which has undergone no chromosome rearrange-

ments, duplications or horizontal gene transfer in the past

50 million years, thus demonstrating the most extreme

genome stability observed to date [24].

A closer look at the structures of the genetic trees of open

pan-genomic species (such as GBS; see Figure 3a) and

closed pan-genomic species (such as B. anthracis) shows
that the latter species resembles a clone of a B. cereus
species rather than being a true independent species

(Figure 3b). B. anthracis is, in fact, genetically very closely

related to other members of the B. cereus group (B. cereus
and Bacillus thuringiensis species), and the main feature

that distinguishes these organisms is the acquisition of

two virulence plasmids, one of which codes for anthrax

toxin [25]. Although this feature is extremely important in

justifying the classification of B. anthracis as an indepen-

dent species, genetically, this is just a phenotypic trait

encoded by the dispensable genome of the B. cereus
group. This example shows that the criteria used to define

microbial species might be inconsistent with the genetic

information. In the future, we will need to consider how

to handle these inconsistencies.

Conclusions and practical implications
The need to sequence multiple genomes from each spe-

cies to better understand the diversity of bacterial species

is not just a theoretical exercise. Recently, it has been

shown that the design of a universal vaccine against GBS

was only possible using dispensable genes [26�]. In addi-

tion, sequencing of multiple genomes was instrumental in

discovering the presence of the pilus in GBS, group A

Streptococcus, and Pneumococcus, an essential virulence fac-

tor that had been missed by all conventional technologies

for a whole century [23]. It is very likely that the study of

the bacterial pan-genome will continue to surprise us with

fascinating discoveries that cannot be predicted with the

conventional methods used to date in microbiology.
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