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Summary. Bacterial strains belonging to the same species vary considerably in gene content. Thus, the genetic repertoire
of a given species (its “pan-genome”) is much larger than the gene content of individual strains. These variations in DNA
material, together with differences in genomic structure and nucleotide polymorphisms among strains, confer upon prokary-
otic species a phenomenal adaptability. Although the approach of sequencing multiple strains from a single species remains
the main and often easiest way to study the pan-genome, feasible alternatives include those related to DNA hybridization. In
other cases, the use of metagenomic sequencesis already applicable by data mining from the growing metagenomic databas-
es. Eventually, the single-cell genome approach might be the ideal solution. The pan-genome concept has important conse-
guences for the way we understand bacterial evolution, adaptation, and population structure, aswell asfor more applied issues
such as vaccine design or the identification of virulence genes. [Int Microbiol 2010; 13(2):45-57]
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Introduction

The idea that bacterial genomes within a single species can
vary widely in DNA content is not new. Determination of
genome size by pulse-field gel electrophoresis in the 1980s
and 1990s showed that not only different representatives of
the Escherichia coli ECOR collection had genomes ranging
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from 4.5 to 5.5 Mpb [3], but aso that there was a certain
association of size with the MLEE (iso-enzyme pattern)
group. However, it was only with the advent of the genomic
erathat the phenomenon could be properly appreciated. Not
only was the size of the genome different, but a significant
portion of the genes present in different virotypes of E. coli
were not even related, i.e., there were no homologous genes
between one virotype and another. This is, in fact, not sur-
prising considering the relatively unrestricted “sex life’ of
bacteria and the inherent metabolic and genomic flexibility
that characterizesthe prokaryotic cell. Asis often the case, to
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expect the opposite reflects the prejudices acquired through
knowledge of the population genetics of classic model organ-
isms such as eukaryotic multicellular plants and animals.
Most eukaryotes are constrained by the forced homologous
pairing of the meiotic chromosomes and the requirement that
genetic changes appear in the germ line in order to be inher-
ited. This restricts the acquisition of new features by import
of radically new genes that would have to be integrated into
two homologous chromosomes to be properly maintained
through the sexual cycles. Indeed, eukaryotic genomes are
extremely conserved in gene content and widely divergent
species barely differ in gene repertoire. The prokaryotic cell,
by contrast, is simple and does not require zygote formation
in the exchange of genetic material. The only limitation to the
acquisition of new genesliesin the total genome size, which
has to be maintained within the limits manageable in a small
cell volume. In addition, it is equally simple for prokaryotes
to release genetic ballast when the environment allows, thus
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they are able to dispense with non-essential genes. But the
apparent simplicity of prokaryotic cells is deceiving. As the
nascent field of population genomics has developed, it has
become clear that the gene pool of prokaryotic species is
extremely large. Different lineages of bacteria contain differ-
ent genomes (similarly to the way different tissues have dif-
ferent proteomes in a multicellular eukaryote), increasing
enormously the metabolic and ecological capabilities of one
bacterial species. Asthis species gene pool, or “pan-genome,”
can be very large, it is necessary to investigate patterns and to
develop models if we are to expand our understanding of
prokaryotes and, from our own human perspective, the clini-
cal or biotechnological avenues that it opens. In this review,
we describe the different approachesto study the pan-genome
and discuss the impact that the pan-genome concept has on
our understanding of bacterial evolution and population
genomics, as well asits implications for more applied issues,
such as vaccine design.

Core and adaptative genome

Once the genomes of different strains of E. coli and other
well-known bacteria became available, it was observed that
certain chromosomal regions were shared among them
whereas other sections appeared to be highly variable. The
shared, “core” genome accounted for around 40% of the total
gene pool in E. coli and it is interrupted by multiple variable
regions unique to individual (or a few) strains (Fig. 1). This
clearly shows that the genomes of multiple, independent iso-
lates are required to understand the global complexity of a
bacterial species. Methods to evaluate species genetic diver-
sity, such as complete genome hybridization or MLST, can
explain only the presence, absence, and variability of the
genetic loci that are aready known, but they do not provide
information on genes that are not present in the reference
genome. The concept of bacterial species has dramatically
changed during the last years [27] and bacterial species are
more appropriately described nowadays by their pan-

Fig. 1. Core and accessory genones of Escherichia coli and Saphylococcus
aureus. Each circle represents the genome of a given strain, and the color
scale indicates the number of orthologs found for each gene across the
sequenced strains. The circles correspond to the genomes of (from outside to
inside): E. coli (536, APEC O1, CFT073, K12 MG1655, 0157 H7 EDL 933,
UTI89, W3110, O157 H7 Saka); S pyogenes (M1GAS, MGAS10750,
MGAS2096, MGAS10270, MGAS6180, MGA S5005, MGAS10394, SSI-1).
To detect orthologs, all the coding sequences from each species were joined
in one unique multi-FASTA file and the BLASTCLUST software used to
group together genes sharing at least 70% similarity over 70% of length cov-
erage. The GenomViz software was used to display the genomes.
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genomes, which includes a core genome containing genes
present in all strains and an accessory genome consisting of
partially shared and strain-specific genes. If a bacteria
speciesis more than a semantic term and hasin fact a biolog-
ical meaning, the core (or “backbone’) genome isthe essence
of this phylogenetic unit and is thought to be representative
at various taxonomic levels [43]. The accessory (or adaptive)
genome, on the other hand, includes key genes to survive in
a specific environment; it is commonly linked to virulence,
capsular serotype, adaptation, and antibiotic resistance and
might reflect the organisms” predominant lifestyle [48].

What set of genes form the core and accessory genomes?
Based on a strict classification of orthologous groups (70%
similarity and 70% overlapping length) along eight genomes
of E. coli (the commensal, laboratory K12 strain, the human
uropathogenic strain CFT073, the two enterohemorrhagic
strains EDL933 and SAKAI, and two diarrhea-associated
Shigella 2a strains) and nine genomes from the opportunistic
pathogen Saphylococcus aureus (methicillin-resistant
strains, USA300 and MW?2, subsp. aureus strain N315 and
NCTC 8325, and the hypervirulent subsp. aureus strain 476),
we carried out a functional classification of the backbone
present in most of the strains, and of the accessory genes
present in just one or two strains (Fig. 2).

At first examination it is possible to observe that the
genomes of E. coli are more functionally heterogeneous than
those of S. aureus, due to the higher presence of unique genes
in more functional categories (Fig. 2, yellow-orange bars). In
both cases, the mgjority of genes belonging to the accessory
and core genomes fall into the “poorly characterized or
unknown” group (Fig. 2, right). Nonetheless, some patterns
are evident. The fraction of genes belonging to the trandlation
informational category, for instance, is enriched in the core
genome. The majority of genes belonging to the core group
are related to housekeeping functions, the cell envelope, reg-
ulatory roles, and transport and binding proteins, whereas a
gene fraction that appears enlarged in the adaptive genome
corresponds to defense mechanisms. It may seem puzzling
that genesinvolved in DNA replication are over-represented in
strain-specific genes. However, this is due to the inclusion of
transposases and other mobile elements within this category
(Fig. 2B). The adaptive or accessory genome frequently rep-
resents a surprisingly large proportion of the total gene reper-
toire within a species [54]. To a large extent it is formed by
hypothetical genes or genes of unknown function, as well as
genes associated with mobile and extra-chromosomal ele-
ments, supporting the hypothesis that the mgjority of specif-
ic traits depend on lateral gene transfer events [35,53]. The
core genome of Legionella pneumophila hosts al features
necessary to infect, survive, and replicate in its natural hosts,

amoebae and protozoa, as well as in macrophages while the
accessory compartment of its pan-genome contains addition-
al virulence factors mainly related to HGT acquired islands
[14]. In S aureus MRSA252, many of the unique genes are
predicted to have metabolic and transport functions and may
therefore increase the bacterium’s metabolic repertoire.

The core genome has gained the scientific community’s
attention for several reasons, an important one being the
identification of essential genes that might be used as antibi-
otic targets as well as genes universally present in all patho-
genic strains that could be potential vaccine targets [47].
These shared genes at a larger scale are also interesting as
sequences for phylogenetic inference. A second consequence
of the core-adaptive split is the identification of dispensable
and non-dispensable genes. A conveniently simple model,
found in nature, to identify essential genesis given by obli-
gate-host-related bacteria (symbionts in their majority) with
aminimalist genome composition: These genomes have small
sizes and are non-redundant. The term “minimal genome” has
been used to describe the set of genes that are thought be
essential for a self-sustainable cell and severa proposals of
this minimal gene set have been put forward [39].

Calm and choppy regions in a genomic
sea

In the 1980s, the concept of adaptive islands was advanced,
initially as pathogenicity islands because they were responsi-
ble for many of the virulence factors of specific virotypes
[28], particularly in E. coli, a species extremely diverse
regarding its pathogenic arsenal. Later on, the term was
expanded to adaptive islands, reflecting a wide range of
metabolic or ecological activities. In any case, the physical
clustering of adaptive genes is quite general if not universal
(see, for example, Fig. 1). Very often the general properties
of the genome are obvioudly altered, starting with the G+C
content and often extending to other, more subtle parameters
such as codon usage, coding density, and GC skew. This is
often interpreted as an indication of evolution in a different
genomic environment or xenologous origins, but it might
simply reflect the effect of relaxation of purifying selection
on genes that are not involved in the optimization of cell
processes but rather in increasing the range of environmental
responses.

Phages are probably the main way to mohilize genesin or
around adaptive idlands, but there could be other, less obvi-
ous ways involving recombination mediated by homologous
or transposable elements. Examination of the G+C content of
prokaryotic genomes shows that they often contain “calm”
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Fig. 2. Distribution of clusters of orthologous groups (COGs) among different sequenced genomes of Escherichia coli and Saphylococcus aureus. Genes
present in one or two strains can be considered part of the accessory gene pool, whereas genes present in seven, eight or nine strains are members of the
species backbone. The lower graph shows the detailed distribution of orthologs within the DNA replication category.
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(core) and “choppy” (adaptive) regions (Fig. 5). Typicaly
there are at least two or more such regions located at regular
intervals along the replicon. Also, there is often some degree
of symmetry in circular chromosomes, in which choppy
regions are located symmetrically with respect to the origin
of replication [30]. In Srepcococcus agal actiae [54], most of
the strain-specific genes are in genomic islands. They are
often flanked by insertion elements and display an atypical
nucleotide composition, suggesting that their acquisition
occurred through horizontal transfer. The specific location of
choppy regions could be related to structural constraints of
the chromosome and to the availability of different chromo-
somal sections to foreign elements.

Open and closed genomes

Comparative genomic explorations lend insight into the
metabolic and ecological diversity of microbial taxaand pro-
vide us with the raw materials for inferring evolutionary his-
tory among lineages. The existence of open and closed
genomes can be now performed in many genera as the result
of a burgeoning increase in microbial genome seguences
from different strains within the same species. A recent study
of the genes shared between the 26 sequenced species within
the genus Sreptococcus [29], which contains between 1697
and 2376 coding genes, has indicated that the core genome
reaches a plateau around 600 genes, whereas the Srepto-

coccus pan-genome probably surpasses 6000 genes. This
would exceed by at least three-fold the average genome size
of atypical Sreptococcus species. In a previous study with
severa strains of Sreptococcus agalactidae, mathematical
extrapolation of the data suggested that the available gene
reservoir in the S. agalactidae pan-genome is vast and that
unique genes will always continue to be identified even after
hundreds of genomes have been sequenced [54]. These
species in which new strains aways appear to provide novel
genes are said to be “open,” in the sense that their pan-
genome is, theoretically, infinite. Although this infinite gene
pool is obviously amere mathematical extrapolation from the
available sequenced strains, it nevertheless makes clear the
fact that some species exhibit extreme versatility in gene con-
tent. An unresolved question is therefore how widespread
open genomes are in nature and whether there are also
“closed” genomes, in which case multiple strains would not
significantly vary the size of the pan-genome.

Rarefaction curves are a useful tool normally used by
ecologists to graphically determine when further sampling
would not increase the number of newly identified species.
Using the same principle for estimating the pan-genome size
after systematic sequencing, we can quantify the increase of
novel genes with the availability of newly sequenced strains
[14]. When such curves are plotted for several species, agra-
dient can be observed ranging from extremely open to more
closed pan-genomes. In the latter, the gene pool is no longer
expanded after two or three sequenced strains, as is clearly

Fig. 3. Rarefaction curves for the pan-genomes
of Escherichia coli (8 sequenced genomes),
Saphylococcus aureus (9 genomes), Buchnera
aphidicola (4 genomes), Sreptococcus agalac-
tidae and Sreptococcus pyogenes (9 genomes).
The plots indicate the novel genes obtained
when sequencing additional strains. A gene is
considered novel if it shares >70% protein sim-
ilarity over 70% of the length (except for the
highly divergent Buchnera strains, where 40%
similarity was used). All species shown here,
except Buchnera, have open pan-genomes with
non-asymptotic curves.

Int. Microbiol.




50 INT. MicroBioL. Vol. 13, 2010

MIRA ET AL.

visiblein the intracellular symbiont Buchnera aphidicola (Fig.
3). Its four sequenced strains may have a closed pan-genome
because they occupy an isolated and restricted niche that
would hamper the capacity to acquire foreign genes, in addi-
tion to the lack of mechanisms for gene exchange and recom-
bination. Another, non-intracellular example is given by B.
anthracis, which can be fully described by four genomes [34].
In this case, B. anthracis could be considered not as a true
genetic species on its own, but merely as a clone of Bacillus
cereus with very distinctive phenotypic traits provided by the
acquisition of avirulence plasmid coding for the anthrax toxin.
It must be nevertheless kept in mind that a closed genome does
not necessarily imply that all strains show an identical pheno-
type, because different nucleotide polymorphisms could con-
fer unique features. It has recently been shown, for example,
that a single nucleotide mutation in a promoter region of some
Buchnera strains dtersthe thermd tolerance of both the bacte-
riaand their insect hosts [18] and that a single amino-acid sub-
stitution in the NDK gene of some halobacteria confers differ-
ent salt tolerances [38], confirming that strain flexibility can
also be achieved by sequence polymorphism.

On the opposite extreme from closed pan-genomes, the
model organism E. cali is an example of awell-studied open
pan-genome. Based on the gene content of the initialy
sequenced eight strains, its core genome was predicted to be
formed by about 2800 genes, implying that hundreds of
genes can be unique to different E. coli strains. The number
of shared and specific genes that would be found by addition-
al genome sequences for E. coli genomes has been deter-
mined in rarefaction curves[27], and the genetic novelty con-
tributed by each new strain predicted to be over 300 genes.
Thisiswell above the 27 and 33 unique genes obtained, res-
pectively, from each new strain of group A and B Srep-
tococcus. Thus, open pan-genomes are more pervasive than
previously anticipated, as shown also by genomic analysis of
19 isolates of Salmonella typhi [25]. Given that most of these
studies were done with strains isolated from different parts of
the world, it was till possible that the pan-genome structure
did not apply to local, co-inhabiting strains. However, recent
work showed that two strains of Salinibacter ruber isolated
from the same liter of water differed by more than 10% in
gene content [45], demonstrating that local populations of a
given species were not clonal.

The structural pan-genome

The existence of a pan-genome is not merely restricted to
gene content but it is likely to extend to structural features
such as variations that arise as a consequence of genomic

rearrangements. Intraspecific differencesin genome architec-
ture may influence the bacterial phenotype even in the pres-
ence of the same gene repertoire. The reason for this is that
gene location affects important physiological processes such
as protein dosage or expression level [42,50]. Furthermore,
changing the location of mobile elements may put other genes
in contact with regulatory regions and activate gene expres-
sion. As a consequence of these emerging properties, genomic
rearrangements may affect cell fitness, and different genomic
arrangements probably have a biological meaning. Thus, the
existence of a structural pan-genome is not inconsequential,
as different genomic architecture variants can influence impor-
tant aspects, such as growth rate or strain pathogenicity [50].

Mechanistically, genomic rearrangements can be caused
by illegitimate recombination between repeats. Thus, repeat-
ed sequences within a genome, e.g., rRNA operons, IS ele-
ments, and other repetitive elements, generate apparent
genome flexibility and genomes with high numbers of
repeats are more shuffled than those with a low repeat num-
ber [35]. Other manifestations of a structural pan-genome are
given by transient duplications. The replicated region can be
advantageous for the cell under certain circumstances, as it
increases the dosage of the duplicated genes. This phenome-
non, known as transient amplification, has been shown to
operate when bacteria encounter toxic substances or unusual
concentrations of a nutrient [52]. It has been shown experi-
mentally that if the selective pressure favoring an increase in
gene dose is removed, the duplication quickly reverts to its
initial, single-dose situation [49]. This phenomenon evolves
extremely fast under laboratory conditions and it is highly
likely that different isolates of the same bacterial speciesvary
in their repertoire of duplicated regions.

Strains from multiple-replicon species are also predicted
to vary with respect to gene location, although thisis alittle
studied occurrence. The placing of a gene at a chromosome,
a second chromosome, or a plasmid may have phenotypic
consequences. For example, genes involved in the synthesis
of essential amino acids in many variants of the symbiotic
bacterium Buchnera aphidicola are preferentially located in
plasmids, which increases their provisioning to itsinsect host
[58], and certain functional categories, such as antibiotic
resistance genes, are found at higher densities within plas-
mids [37]. Even the existence of a second chromosome in
some bacterial species has been proposed to be an adaptation
to regulate protein dosage by multiple replication forks in
different replicons [9]. Analysis of the gene content of extra-
chromosomal replicons of related species shows that the
same genes are present in different locations, such asin plas-
mids in one species and integrated within the main chromo-
some in another.
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Can the variability of the bacterial pan-genome with
respect to its genomic architecture be measured? Initial
approaches used PCR amplification of regions that included
repetitive elements, inferring rearrangements in different
Salmonella serovars from the size of the bands obtained [1].
A traditional approach has involved the use of restriction
enzymes in different natural isolates from the same species.
Incongruent patterns in the length of the obtained DNA frag-
ments, visualized in pulse-field electrophoresis gels, are
indicative of genomic rearrangements. Using this approach, a
systematic study of over 100 strains of S. typhi showed that
genomic rearrangements were responsible for producing
ribotype heterogeneity in this species [40]. The use of rare-
cutting endonuclease analysis and PFGE revealed diverse
genomic changes (including translocations, inversions,
duplications, and point mutations) among isolates of S, typhi-
murium, even in archival collections [33]. The systematic se-
guencing of multiple strains provides an aternative approach
to directly screen for genomic rearrangements. When whole-
genome sequences are available, gene position plots between
two strains should follow adiagonal lineif al genesarein the
same relative position (Supplementary Fig. 1). However, X-
shaped patterns are frequently observed [20], which are
indicative of genomic inversions. Most of these inversions
appear to be symmetric with respect to the replication origin
or terminus, suggesting that replication forks are hot-spots for
recombination and that these inversions pivoting around ori
and ter sites are favored by selection. Nevertheless, changes
in gene position and orientation are also observed [12].

Another way of observing genomic inversions and trans-
locations comes from looking at GC-skew plots from fully
sequenced genomes. Due to mutational bias between leading
and lagging strands, the DNA sequence shows an excess of G
over C that reverts at the end of a replichore. If a recent
genomic rearrangement changes the strand where a gene is
located, the GC-skew undergoes a drastic change that can be
easily visualized. Clear examples are observed in the
genomes of Yersinia pestis, Leptospira interrogans, and other
species with several sequenced strains [see, for example,
http://insilico.ehu.es/oligoweb]. Finaly, microarray-based
comparative genome hybridizations among multiple strains
freguently uncover tandem duplications when the intensity of
a DNA segment is increased on the array relative to the con-
trol, as shown in the intracellular, small-genomed Bartonella
henselae [31]. In conclusion, the observed genomic flexibil-
ity in the structural pan-genome is surprisingly high, evenin
intracellular species traditionally assumed to be fairly stable
and these variations confer upon prokaryoctic species an
important degree of plasticity.

Mechanisms of genome expansion

What is the origin of the accessory component of the pan-
genome? How can new functional capabilities be generated?
One of the prominent advances of the genomics era has been
not only to identify but also to quantify the importance of the
different sources of new genes. A large proportion of novel
genes arise by DNA duplication, followed by sequence diver-
gence. In prokaryotes, the proportion of these paralogous
genes can be very important, reaching up to 50% of the DNA
in versatile species with large genomes [46]. In the last
decade, a second mechanism has been supported by solid evi-
dence of its overwhelming impact on bacteria evolution: lat-
eral transfer of DNA sequences between different bacterial
cells. This process has been shown both experimentally and
by sequence analysis to occur frequently between different
species (see, for example, [42]).

The existence of horizontal gene transfer (HGT) in
prokaryotes was, of course, known for many years before the
completion of bacterial genomic sequences. The transmis-
sion of antibiotic resistance among clinical isolates, for
example, has long been identified as the outcome of plasmid
transmission, and many bacterial species are naturally com-
petent and can incorporate DNA from the environment. Apart
from conjugation and transformation, a third route of HGT is
achieved when bacterial DNA is packaged into bacteriophage
capsids and transferred by the virus during the infection of a
new host cell. Through this transduction process, bacterio-
phages are considered a major cause of HGT, especialy
regarding virulence factors and invasion-related functions
[6], and fundamental for gene innovation in the microbial
world [13]. Finally, although it may not seem intuitive, it has
been shown that not only gene expansions but also deletions
can change bacteria phenotypes. A clear case has been
shown in E. cali, in which the elimination of certain genes
activates other pathways that confer virulent capabilities.
Experimental insertion of the gene restores the non-virulent
phenotype. Thus, the different abilities of strains within a
population must be seen not only as the consequence of novel
functions coded by additional genes but also as the outcome
of aregulatory network that can be altered by a smaller gene
set and by different gene interactions (see, for example, [7]).

The contribution of horizontally transferred genes to the
non-core, accessory genome fraction is vast, as indicated by
the high proportion of mobile elements, phage-related genes,
and pathogenicity islands in this section of the pan-genome.
The term “accessory” genome is nevertheless mideading.
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Whole-genome sequences can now be screened for unusual
compositional features or phylogenetic incongruence, and dif-
ferent methods point to the major role played by exogenous
genesin the lifestyle of bacteria. For example, this accessory
(or rather, adaptive) pool includes, apart from the well-stud-
ied antibiotic resistance genes, others coding for bacteriocins,
heavy-metal resistance, cell-wall components, nitrogen fixa-
tion, virulence, and many others, including metabolic genes
[23], and HGT events have repeatedly induced a change in
lifestyle for the recipient genome.

The presence within the accessory pan-genome of an int-
riguing group of genes unrelated to any other genes in data-
bases deserves special mention. These “orphan genes’ do not
show any detectable similarity to other available sequences,
including those of related species and strains. They are over-
represented in genomic islands [26] and can be an important
fraction of the accessory component: in a microarray-based
analysis of 15 clinical isolates of Helicobacter pylori, for
example, up to 56% of the strain-specific genes were orphans
and even higher values were obtained when comparing dif-
ferent sequenced Rickettsia genomes [44].

Orphan genes have drawn considerable attention because
they could be involved in functions conferring a given
species its host specificity or biological individuality.
However, they are significantly shorter than their better-char-
acterized counterparts [35] and many have an unusually high
number of non-synonymous substitutions [41], suggesting
that they could be non-functional. In addition, when exam-
ined in detail, some of the orphan genes in Rickettsia
appeared to be fragments of longer, functional genesin relat-
ed species [15]. This suggested that genomes are generally
over-annotated. However, the analysis of lineage-specific
genes in y-protecbacteria revealed that they were not only
shorter but also AT-rich and fast-evolving [13]. Furthermore,
their nucleotide substitution patterns suggested that most
were functional and they frequently formed part of clusters
that contained foreign sequences. This has led to the sugges-
tion that orphan genes are sequences that come from bacte-
riophages, many of which are retained if they confer a useful
new function for the recipient cell. It is therefore probable
that the small genomes of intracellular bacteria such as
Rickettsia have many non-functional orphans as a conse-
guence of an ongoing process of genome reduction and
pseudogenization. In larger-size genomes of free-living
organisms, by contrast, many orphan genes are probably
functional and their lack of resemblance to any available
sequences is a consequence of the little-surveyed viral
genomes in current databases.

Approaches to study the microbial
pan-genome

Multiple strain sequencing. An obvious approach to
define and study a prokaryotic pan-genomeis the sequencing
of multiple strains from a given species. Methodologically,
the existence of a sequenced bacterium facilitates the other-
wise tedious assembly of subsequent relatives. The spectacu-
lar genomic differences reported between a saprophytic, a
uropathogenic, and an enterohemorrhagic strain of E. coli
[57] has encouraged successive sequencing of other E. coli
strains, and similar approaches have been adopted in other
bacterial species. Multiple strain sequencing was initially
conducted by different research laboratories, but in the last
few years single research projects are routinely sequencing
multiple strains [54]. The time-consuming process of gap-
closure can be obviated by assuming synteny among the
strains. This, of course, constrains the analysis of the struc-
tural pan-genome but allows a complete scrutiny of differ-
ences in gene content and polymorphisms, as the gap regions
are normaly very short and typicaly over 98% of the
genomic DNA is available with standard sequencing cover-
age levels. The new high-throughput sequencing techniques
allow multiple-strain genome completion with an extraordi-
narily reduced budget and time schedules. Combined strate-
gies using 454-pyrosequencing, Solexa, and traditional
Sanger technology have proved to be very efficient for sys-
tematic sequencing of different microbes [24]. Thus, the next
few years will surely provide microbiologists with a myriad
of genomic variants for many microbes, and a new period in
pan-genomic science will emerge in which bioinformatic
analysis of these large datasets will be crucial.

Hybridization-based techniques. The evolution of
bacterial strains under different ecological circumstances and
their adaptation to specific niches should be reflected at the
genomic level in terms of gene content. Microarray tech-
nigues have become a powerful approach to study these
processes. If the genome of a species representative is
sequenced, al ORFs are typically spotted on a microarray
slide, serving as a probe against which a strain of unknown
gene content is tested. Polymorphisms for gene deletions and
insertions can be detected as a change in the ratio of fluores-
cence emitted when the two labeled genomic DNA samples
are hybridized to the microarray [21]. DNA/DNA hybridiza-
tion techniques alow the identification of genomic differ-
ences even between bacterial species [17,32]. Comparisons
between strains within the same or related species, however,
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Fig. 4. Alignment of several Prochlorococcus genomes with environmental sequences from the Atlantic Ocean. Values on the y-axis indicate nucleotide per-
cent identity between a given Prochlorococcus genomic region and the metagenomic sequences from the Sargasso Sea. Areas with unusually low represen-
tation in the metagenome are highlighted in yellow and described in the text as genomic islands. Whole-genome alignments were performed with NUCmer,

from the MUMmer 3.10 package.

are more consistent and have been shown to be very inform-
ative, relating hybridization efficiency and therefore gene
composition differences to virulence, host inflammatory
responses, relatedness among genes within operons, endem-
ic and pandemic disease isolates, or the symptoms of plants
under microbia infection. Thus, the systematic use of com-
parative genome hybridization (CGH) by microarrays, also
called genomotyping, is an effective tool to study intraspecif-
ic differences in gene content in bacteria. One of the most
important limitations of this technology is that the presence
or absence of the sequences is established always in relation
to the reference genome and therefore unique genes on the
tested strains cannot be identified. This problem can be cir-
cumvented by suppression subtractive hybridization (SSH),
in which DNA from atest strain is depleted by hybridization

to sequences from areference strain. The remaining DNA is
enriched in test-strain-specific genes, which are then cloned
and/or sequenced [61]. While this technique has been used to
alesser extent by the scientific community, both genomotyp-
ing methods are very helpful approaches to determine the
scope of the genomic backbone and to establish the function-
al characteristics of accessory genes.

Microarray techniques have become a powerful and fast
method to quantify genomic variability among strains, and an
increasing number of species from different taxonomic groups
and lifestyles has been tested (Supplementary Table 1). This
has shown that the percentage of the genome containing con-
served ORFs (i.e., the core genes) is variable among species.
Although part of this variation is probably due to the number
of strains studied, there is aso most likely an effect of
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Fig. 5. (A) Genomic islands (GI) of Haloquadratum walsbyi DSM 16790, showing “choppy” and “calm” regions. The GC-content of H. walsbyi is plotted
with a sliding window of 1000 bp. Location of integrases and 1S transposases along the genome are indicated. (B) Fosmid-end coverage. Individual fosmid
end sequences were aligned to the sequenced strain genome and the alignments’ sequence conservation visuaized in the form of percent identity plot. Each
dot on the graph represents the amino acid similarity between fosmid-end sequences and their homologous regions in the H. walsbyi genome. Regions of

unusually low representation in the metagenome are shaded.

lifestyle. For example, Salmonella enterica strains appear to
be highly variable [11], in agreement with the different host
niches for different serovars and the dramatic input of new
sequences by lateral gene transfer. Other |abile species with
large genomes, such as Bacillus, also appear to have a large
fraction of dispensable genes. Bartonella henselae strains
would represent the opposite extreme; itsonly slight variabil-
ity is consistent with its more enclosed lifestyle and static
genome [31]. Interestingly, free-living species of similar or
larger genome size than B. henselae, such as Campylobacter
jejuni and Vibrio cholera, display low variation. Thus, intra-
cellular niche does not seem to be the only reason for lack of
variation; rather, the frequency of mobile and repetitive ele-
ments may be an important factor [36]. Some similarity can
be found among species in the function of the missing, vari-
able ORFs. Most of them appear to be hypothetical proteins
or ORFs with unknown function, as also observed in multi-
ple-strain comparisons of fully sequenced genomes. Other
categories in which variability is frequently high are those
related to pathogenicity, e.g., virulence genes, membrane
proteins, or phage sequences.

Multiple genomes in a metagenomic survey.
An dternative approach for studying the pan-genome is to
use metagenomic sequence data obtained directly from an

environment in which a species is well represented.
M etagenomics enables us to study microorganisms by deci-
phering their genetic information from DNA that is extracted
directly from environmental samples, thus sidestepping the
need for culturing. From the sequences, it is possible to iden-
tify the total genetic repertoire of the species forming the
microbial communities under study.

The approach was undertaken by Craig Venter to directly
clone and sequence DNA from the microbes in open ocean
waters [56], and it has demonstrated that the genetic diversi-
ty of the microbiota in natural samples is even larger than
expected. Nowadays, there are severa hundred ongoing
metagenomic projects, ranging from those involving natural
marine communities to those focused on the human micro-
biome. One of the strategies to localize variable regionsin a
genome is to align it with the thousands of short sequences
normally derived from these metagenomic studies, inferring
the presence of this species by the number and degree of sim-
ilarity of the matched sequences (Fig. 4). Furthermore, it is
possible to detect different nucleotide polymorphisms, small
insertions, deletions, and hypervariable segments.

As a practical example, we focus on the case of the
species Prochlorococcus marinus from the Sargasso Sea
metagenome survey [56]. Prochlorococci are globally abun-
dant and have compact genomes with sizes between 1.7 and
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2.4 Mbp. Their populations consist of multiple coexisting
ecotypes whose relative abundances vary markedly along
gradients of light, temperature, and nutrients. Coleman and
collaborators [8] aligned the thousands of sequences from the
metagenome against each of the 11 completely sequenced
strains, observing “metagenomic islands’ (MGI) character-
ized by the absence of matches to the metagenome. A com-
parison between strains MIT 9312 (North Atlantic) and
MED4 (Mediterranean) among themselves and against the
Sargasso Sea metagenome revealed that some of these
islands were located at the same position in the two genomes.
This supports the idea that specia areas function are hot-
spots for pan-genomic variability. In this specific case, the
islands arose partly by phage-mediated HGT and it was pos-
sible to detect associations with tRNA genes (which are com-
mon integration sites for mobile elements). Analysis of the
islands’ genetic content identified genes similar to those of
non-cyanobacterial organisms or with no detectable homolo-
gous genes in databases, reflecting a large, as yet unknown
gene pool in oceans. In addition, MGIs contain phage-like
sequences (integrases, DNA methylases, endonucleases, etc.)
and, interestingly, proteinsinvolved in cell surface modifica
tion, including the biosynthesis of lipopolysaccharide, which
is a common phage receptor. These data underscore that
phages are important agents of mortality in the oceans [51].
Other functions were related to physiological stress and
nutrient uptake, characters that are a direct response to the
environment. Thus, a gene within the accessory genome not
present in all sequenced strains should not be literally regard-
ed as dispensable.

Single-site species metagenomics. The case of
Haloquadratum walsbyi. The idea situation for
metagenomic analysis of a species pan-genome is the avail-
ability of a sequenced genome together with an environmen-
tal population of the same species obtained from the same
site. Such data would enable evaluation of how representa-
tive an individual is within the population and would reveal
theform and distribution of genetic variability in the coreand
the accessory gene pool. This perfect-case approach has been
carried out in extremely simplified habitats such as the low-
diversity saturated brines of solar salterns, where the square-
shaped haloarchaea Halogquadratum walsbyi thrives [4,
5,30], or the acidic drainage of a mine where Ferroplasma
acidarmanus is a major component [2,19].

In the first study, a crucial advantage was the possibility
to enrich the recovered environmental sample in cells of
Haloquadratum due to the particular shape and size of this
postal-stamp-looking archaeon. Additionally, the previously
sequenced Haloguadratum walsbyi DCM 16790, isolated

from the very same site, showed a low G+C content, which
isunusua in this environment and made it possible to easily
discern which sequences from the total data set belong to
Halogquadratum. The construction of a metagenomic library
and the sequencing of arelatively small amount of DNA (< 3
Mpb) revealed a remarkable diversity of genes, showed evi-
dence for MGIs, and established that the H. walsbyi total
gene pool was, even in that relatively simple and constant
environment, at least twice the genome size of the sequenced
strain [30]. Thus, a picture of high genetic diversity was
found, in contrast with other simplified extreme environ-
ments analyzed by similar approaches [55]. To complement
this work, Cuadros-Orellana and collaborators completed the
sequencing of several fosmids from the same metagenomic
library [10]. Two of the metagenomic islands (MGI 2 and
MGI 4) showed the usual hallmarks of these regions, i.e.,
atypical G+C content and a rich complement of mobile ele-
ments. The first isand, as in the previous case of P. marinus,
contains genes required to synthesize the rigid components of
the cell envelope. Some of the cell-surface glycoproteins
encoded within this isand seem to be paralogous and might
be involved in intragenomic recombination processes that
would produce large cell-surface variability. The authors of
the study hypothesized that this promotes variation at phage
attachment sites, which could be a useful strategy for phage
evasion by “competitive dominants’ microdiversity [51].
The polysaccharide-related genes found in MGI 4 might con-
tribute to a similar purpose. A large variability of new trans-
porters and catabolic genes was also found, suggesting that
different cells or lineages within H. walsbyi speciaize in the
exploitation of different organic compounds and coexist in
what is a chemically diverse set of organic carbon sources.
They do so by containing different gene pools that are large-
ly associated with the MGls. If thiswereindeed true, individ-
ual cells would be specialized to a specific set of nutritional
requirements but would not directly compete with other
members of the same species for the same resources. Thisis
in striking contrast to the way species are typically con-
ceived, in which intraspecies competition is for the same
resources.

Future perspectives in a pan-genomic
world

The observed genomic variability between multiple strains of
the same species clearly demonstrates that the genome
sequence of a bacterial isolate underestimates the biological
properties of a species. The pan-genomic concept therefore
corroborates the well-documented plasticity of prokaryotes
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from the very core of these organisms: their genome
sequence. This has important theoretical and applied conse-
guences. Firstly, the large variations in gene content between
bacterial strains challenge the value of a eukaryotic-based
species concept for the microbia world [59]. Genomic data
from multiple strains alow us to question whether species
names are merely a semantic issue or whether they represent
real biological entities with distinctive features. In this sense,
the asymptotic 40% threshold of shared genes among E. coli
strains might aggl utinate the gene pool that gives this species
its phylogenetic and ecological coherence. This would high-
ly contrast with the genomic situation of higher organisms,
with species as distant as humans and chimpanzees sharing
over 99% of their gene repertoire. If bacteria differ from each
other mainly in gene content, differences between eukaryot-
ic species arise primarily from the regulation, as well as the
genetic polymorphisms of those pre-existing shared genes.
On the more applied side, it has become clear that the
sequence of a single genome does not reflect how genetic
variability drives pathogenesis within a bacterial species and
also limits genome-wide screens for vaccine candidates or
antimicrobial targets. Genetic plasticity entails the evolution
of many virulent and drug-resistant strains, presenting a
major and constantly changing clinical challenge. As pointed
out for N. meningitidis serogroup B, a successful vaccine tar-
get must be present in al relevant strains against which
immunization is intended [22]. In S. aureus, a comparative-
genomic approach has been used to explore the mechanisms
of evolution of clinically important strains and to identify
regions affecting virulence and drug resistance, with similar
approaches being taken in other human pathogens.

In the future, the technology that will revolutionize the
analysis of microbial communities could be the ability to
obtain a complete genome sequence from an individual bac-
terial cell [60]. At present, the mgjority of published genome
sequences represent bacteria that can be grown in culture.
But as most bacteria cannot be cultured by current methods
and many live in contact with other organisms and cannot be
propagated in pure culture, there are still serious limitations
to studying the genomes of microbial species. Single-cell
genomics will presumably allow the differentiation of bacte-
rial lineages based on their nucleotide polymorphisms and
will be applied to characterize seemingly homogeneous bac-
terial populations, including those made up of clonal descen-
dants [16]. This transition from species and strains genomics
to single-cell genomics will doubtlessly be accompanied by
further decreases in the cost and time of DNA sequencing as
well as by the need to implement computer software able to
cope with the colossal amount of data thus produced. Even
today, the pace at which genomic data accumulates is far

greater than our capacity to analyze it, and the situation is
practically guaranteed to become even more extreme in the
near future, showing once again that microbes surpass our
capability to explore and understand the natural world.
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Supplementary Table 1. Selected CGH studies in different prokaryotic species

Tested

Species Strains  Relevant features Reference

Helicobacter pylori 15 56% of strain-specific genes are [10]
“ORFans”

Escherichia coli O157:H7 31 Even within a single serotype, 1751 [13]
ORFs were variable

Bartonella henselae 11 Genomic islands mediate genomic [8]
rearrangements

Streptococcus mutans 9 Accesory genome is 20%; half [12]
shows signs of HGT

Campylobacter jejuni 11 Largest fraction of acces. genes [4]
(19%) related to cell envelope

Salmonella enterica 25 Core genome was only 54% [3]

Bacillus anthracis 19 Variation in strains ranges 8-34% [9]
of reference genome

Vibrio cholerae 9 Core genome was 97% [5]

Streptococcus agalactidae 19 Extensive  variation recently [11]
confirmed by sequencing

Escherichia coli - Shigella 22 E. coli backbone estimated at 2,800 [6]
ORFs

Streptococcus pneumoniae 20 Variability within strains < 2.1% [7]
Overall variability < 10%

Francisella tularensis 27 Regions specific to highly virulent [2]
strains were identified

Enterococcus faecalis 9 15-23% variable; transport and [1]
metabolic genes very conserved

Yersinia pestis 36 22 genomic regions absent in some [14]

of the strains
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