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After the genomic era, during which DNA sequencing revealed genes and the post-genomic era, in
which their functional analysis was implemented, the notion of a dynamic genome has become
convincing. Indeed, since the early days of DNA transposition, nhew evidence has accumulated
indicating a high level of intrinsic structural plasticity characterizing the genome. An ensemble of gross
chromosomal rearrangements has been reported, together with their biological effects, some of which
correlate to major cellular pathologies such as cancer. From microorganisms to human cells, the
convoluted architecture of chromosomes has gained relevance not only from a descriptive point of
view, but also as a potential multi-layered storage mechanism of genetic information. The higher-order
structure of DNA, including hairpin turns, bending and curvature, as well as precise chromatin
topology, could provide the metadata on super-information needed to explain the low number of
inferred mammalian genes, perhaps conferring new scientific dignity to the infamous ,,junk DNA®. In
this view, genome dynamics, including the clustering of essential genes and the synteny of others,
appears as the paramount cellular response to varying environmental conditions, resulting in massive
differential regulation of gene expression. A deeper understanding of the various orders of complexity
of genomic DNA structure has allowed the design of more sophisticated biochemical and biophysical
tools for its analysis and manipulation, which, in turn, has yielded a better knowledge of the genome
itself. This creative cycle is providing new generations of diagnostics and intelligent drugs of

pharmacogenomic origin that exploit the ever changing, yet stable, genome dynamic structure.
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INTRODUCTION

Historical facts

In 1912, the William Braggs father and son discovered
the atomic structure of crystals, by X-ray diffraction patt-

ern, which provided the key for Watson, Crick, Franklin
and Wilkins to visualize the DNA architecture just 40
years later. However, there was a then fashionable belief
that the molecular structure of this macromolecule was a



relatively stiff, static construction. Barbara Mc Clintock
(Nobel Prize) had a prescient recognition of genomic
plasticity prior to 1952, which took years to be generally
accepted by the wider scientific community. By 1970
when Hamilton Smith isolated the first restriction enzyme,
the idea that the genomic DNA could be manipulated and
recombined in vitro began to be considered and
assessed. In the eighties the plasticity of the genome was
notable largely because it constituted a drawback in the
taxonomic definition of the species of kinetoplastidae,
such as Trypanosoma and Crithidia, the hyper-variability
of few genetic loci impairing their classification by
karyotyping. High frequency of genome rearrangements,
due to repeated sequence elements, had already been
described in archaea and other microbes like Rhizobium
(Martinez et al., 1990; Flores et al., 2005). Helicobacter
pylori, for another instance, is known to have such a high
plasticity resulting in important differentiation among
pathogenic strains. Real insight into the importance of
genomic rearrangements however, came as a conse-
quence of the enormous success of genome sequencing
and functional analysis projects. Today, many resear-
chers believe that DNA winds and unwinds or undergoes
frequent melting of its double helical structure, generating
single-strandedness at particular regions, then re-
annealing to its normal status, an entropic phenomenon
nicknamed “breathing”. Among other things, this dynamic
structure of the genome allows exogenous and endoge-
nous DNA fragments to be integrated, regulates gene
transcription by a topological control of the double-helix,
and may lead to differentiation of undifferentiated cells,
as well as to dedifferentiation (cancer) through gross
chromosomal rearrangements (GCRs).

Mathematical models provide in silico predictions for
chromatin organization, bendability and secondary
structures

One of the most fascinating and fast-moving fields in
genome dynamics studies is the mathematical prediction
and interpretation of the biological significance of DNA
sequences. Nonlinear models have been proposed to
explain the complex dynamics of DNA bubbles occurring
in denaturation, transcription and genetic recombination
events (Komarova and Soffer, 2005). Particularly during
recombination events, the rate of the movement of the
crossover junction has been estimated by branch migra-
tion assays (Karymov et al., 2005; McKinney et al.,
2005). Also, a stochastic differential equation has been
applied to the dynamic feature of the B-Z DNA transition
(Lim and Feng, 2005). The free energy spent by topoiso-
merase to bind and bend DNA has been calculated, com-
puting the twist and the writhe of supercoiling (Barbi et
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al.,, 2005; Charvin et al.,, 2005). These models should
help to elucidate how the genome movements following
its entropic breathing may interact with the complex regu-
lation of replication, repair and transcription mechanisms.

Here, we will focus on the detailed in silico analyses
that have been performed on chromatin remodeling, DNA
bending and genomic secondary structures. It is not yet
completely clear, for example, how the repair mechanism
(either homologous recombination - HRS - or non-
homologous end joining - NHEJ) gains access to DNA
within chromatin and how chromatin structure is restored
after repair. Perhaps, physical disruptions of the double
helix such as double strand breaks (DSBs) are detected
through an altered chromatin topology, which transmits a
signal to be sensed by the cell at a checkpoint. The
checkpoint system then arrests the cell cycle until the
break is repaired (for a review see Ehrenhofer-Murray
2004). Effective modification of histone H2A following a
double strand break formed by the HO endonuclease
was recently characterized at the molecular level in yeast
(Shroff et al., 2004). This analysis suggests that a break
of the chromosomal DNA leads to rearrangements of
chromatin and re-positioning of the repair protein com-
plex. Moreover, chromatin-remodeling factors are respon-
sible for ploidy control. Indeed, a mutation in these genes
results in an increase of genomic instability and it is
usually associated with cancer induction (Vries et al.,
2005). The majority of these experimental evidences are
predicted by exhaustive comparative in silico analysis of
chromatin remodeling. Genome-wide mapping predicts
that chromatin accessibility and gene expression are
controlled by histone modifications of regulatory elements
such as enhancers, locus control regions (LCRs) and
insulators. In favor of this prediction, islands of acetyla-
tion have been identified within promoters and highly
transcribed regions (Roh et al.,, 2005). Unconventional
chromatin assays (digital analysis of chromatin structure-
DACS) coupled with sophisticated algorithms allow pre-
cise predictions of regulatory sequences and the acces-
sibility of their chromatin (Sabo et al., 2004).

The in silico analysis of scaffold/matrix attachment sites
(S/MARs), of the nucleosome-formation propensity, and
of the presence of repeats within regions located up-
stream in human genes, brings into sight how much chro-
matin architecture may modify the transcription activity of
the genome (Ganapathi et al. 2005). The analysis of
chromatin features allows discrimination between house-
keeping and tissue-specific genes, attributing to chroma-
tin a super-informative function with respect to the
genetic level. This super-information provided by chroma-
tin is consistent with the effective low number of regula-
tory and specialized genes in the human genome. Unlike
the case of polymorphism of the double helix (A, B or Z)
structure, which is quite rare in vivo, the genomic DNA
usually shows micro-polymorphisms in the B helical
structure. The concept that DNA may be bent, especially
in A-rich tracts, was proposed initially by Trifonov and
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Curvature in the ORFs
of the B. subtilis genome
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Figure 1 Percentage. of ORFs overlapping with curved motifs
in the B. subtilis genome. The total number of protein, RNA,
rRNA and tRNA ORFs is given in parentheses.
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Figure 2. Position of significant (>14 degrees/ helical turn)
curvature peaks along 60,000 nucleotides of the DNA
sequence of yeast Saccharomyces cerevisiae chromosome
Ill. The green and the red numbered boxes represent ORFs.

Sussman (1980) who observed that the natural anisotro-
py of the DNA molecule facilitates its smooth folding into
chromatin. The curvature of DNA is measured in terms of
angle of deflection between adjacent base pairs
(degrees/helical turn). Several servers running benda-
bility prediction programs have been developed to be
applied to experimental systems, looking for a correlation
between curvature and other features of the genomes
(Vlahovicek et al., 2005).

As mentioned, AT-rich stretches in the “B” form usually
correlate with high curvature. This is the case for all 16
centromeric DNA regions of Saccharomyces cerevisiae
(Bechert et al., 1999). The structure of the centromere
may correlate with the binding, assembly and the function
of the chromosome determining element (CDE) protein
complex, which regulates centromeric activity. To
examine the effect of the A-T tracts or curvature, it is
possible to simulate the molecular dynamics of the “B”-
structure (McConnell and Beveridge 2001). Furthermore,
there is a preference for curved segments to be
distributed with respect to start and stop codons. Usually,
intergenic regions such as promoters and terminators
show a propensity to be curved. An example of that is
reported in Figure 1 where only 6.2% of all ORFs contain
one significant curvature (>14 degrees/helical turn) in the
model bacterium Bacillus subtilis (Tosato et al., 2003).

An example of distribution of curvature around open
reading frames in chromosome Il of yeast is shown in
Figure 2 where the exact DNA sequence and its corres-
ponding coding and non-coding regions were initially
identified following the genomic sequencing of the first
eukaryotic chromosome from yeast (Oliver et al., 1992).

This non-uniform distribution of curvature correlates
with a different propensity of specific regions of genomic
DNA to spontaneously recombine. The promoter and
terminator sequence are usually more prone to accept
DNA integration by recombination events (Gjuracic et al.,
2004). This phenomenon is significantly parallel to the
nonrandom distribution of DSB regions along the chromo-
somes (Baudat and Nicolas, 1997). Hotspots for recombi-
nation via DSBs are known in all the chromosomes of
yeast (Gerton et al., 2000) and many of them contain
palindromic sequences (Nasar et al., 2000). The pre-
sence of secondary structures as palindromes may
influence the recombination efficiency of a specific geno-
mic region that thus becomes a fragile site in terms of
breaks and recombination.

A decreasing gradient of large DNA hairpins from the
origin towards the terC end of chromosomal replication
as well as a high curvature in the intergenic regions
characterizes the genome of B. subtilis (Tosato et al.
2003). Indeed, the lack of secondary structures around
terC (with the exception of the two hairpins of the
replication terminus) is in agreement with the low level of
homologous recombination detected in this region
(Chedin et al., 1998). This observation supports the idea
that DNA secondary structures may trigger recombination
(Lobachev et al., 1998). Higher order structures may also
contain a different kind of super-information in pathogenic
species. Kinetoplastida parasites, for example, are res-
ponsible for diseases severely affecting human health
and retarding agriculture development in third world
countries. Kinetoplastida species cause sleeping sick-
ness (Trypanosoma brucei), Chagas (Trypanosoma
cruzei) and leishmaniasis (Leishmania spp.). More than
400 million of people around the world are affected by
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Figure 3. Distribution of hairpins, Top, and bendability, bottom,
of the DNA sequence encompassing the switching point of
Lieshmania major chromosome |. In the top panel, the arrows
indicate the extremes of the switching point DNA and the dots
the position of the hairpins. In the bottom panel, the wavy,
violet line represents the G+C content while the vertical red
bars indicate the predicted DNA curvature.
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these pathologies, especially in the developing Countries.
The parasites share a unique organization of protein-
coding genes into long, strand-specific, polycistronic
clusters and a lack of general transcription factors (lvens
et al., 2005). Large surface antigen families occur at non-
syntenic chromosome-internal and sub-telomeric regions.

The regions between poly-cistronic clusters, where the
direction of transcription switches from one DNA strand to
the other, have been hypothesized to contain origins of
replication and possibly also centromeres and promoters.
The base skews of divergent strand-switches of
Trypanosoma species show patterns analogous to those
for bacterial origins of replication (Nilsson and
Andersson, 2005), but they differ from those of Leish-
mania major. In Leishmania chromosomes, for example,
there are several coding strand switch regions that show
peculiar characteristics. An in silico analysis suggests
that there is a trend towards decreased number and
stability of hairpins in the direction of the switching points.
Moreover, within a few kilobases on either side of the
coding-strand switch locus, the predicted secondary
structures disappear (Tosato et al., 2001). Some of the
results are summarized in Figure 3. Other features of the
switch regions are a high AT content and a strong
intrinsic curvature. The functional meaning of these
regions as bi-directional promoters has been later con-
firmed experimentally (Martinez-Calvillo et al., 2003).
Whether the switching point coincides with a centromeric
region has not yet been resolved. Using a telomere-
associated chromosome fragmentation approach, it was
shown that the region required for the mitotic stability of
chromosome 3 of T. cruzei encompasses a transcript-
tional switching point domain constituted of a GC-rich
island. This region contains several retrotransposon-like
insertions but, atypically, lacks the arrays of satellite
repeats normally associated with centromeric regions
(Obado et al., 1995).

Switching points are an example of junk DNA in lower
eukaryotes, confirming the idea that the genetic code is
only one of the keys we need to decipher the genome
meaning. The super-information that is packed within
higher-order structures, such as secondary DNA struc-
tures, bendability and chromatin topology, may contribute
to the as yet unknown significance of this junk DNA.

New biochemical and biophysical tools for the
analysis and manipulation of genomic DNA

The extremely rapid recent development of a large
assortment of new genomic tools has frustrated their
cataloguing and renders incomplete any review of the
field. Nevertheless, we can summarize the most
important new tools as examples of the technical sophis-
tication reached by genomic analytical methodology in
this field. In doing this, we must recognize that the notion
of the dynamic genome has not yet influenced, in gene-
ral, the strategies for discovery of new tools, neither their
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biochemical, or their biophysical characteristics.

Artificial chromosomes

Yeast and Bacterial Artificial Chromosome (YAC and
BAC)-based technology has been extensively used in the
subcloning, of large genomic DNA for the construction of
genomic libraries essential to sequencing projects (Zhang
and Win, 1997; Bruschi et al., 2006). Together with
advanced gene-targeting techniques, the construction of
“YAC mega-cassettes (YMCs)” has proven efficient for
the disruption of entire mouse genetic loci, and their
replacement with equivalent human DNA regions in
murine embryonic stem (ES) cells. This was performed to
create transgenic mice with specific modifications of
genes, enabling them to produce only antigen-specific
humanized antibodies (Ledermann, 2000). Although this
approach offered new experimental opportunities, there
are considerable technical limitations that make it difficult
for routine use. The major obstacle is generally the low
frequency of gene targeting in mammalian cell lines,
ranging up to 10°%/cell for most loci studied. The main
reasons for this gene targeting inefficiency lay in: 1) the
inherently refractory behaviour of the mammalian geno-
me to mitotic homologous recombination; 2) the high
frequency of competing repair pathways; and 3) the
random DNA integration into chromosomal sites by
illegitimate recombination, which outnumbers gene targe-
ting by about 1000:1. Some enrichment in gene-targeted
events could be obtained by using targeting vectors with
both positive and negative selection markers or with
“trap-vectors” containing modified selection markers
which are expressed only in the case of vector integration
into particular DNA sequences (promoter- and
polyadenylation-trapping; Bradley et al. 1992). Another
approach to increase the gene targeting frequency is
based on the transient expression of the endogenous or
foreign recombinational enzymes (Yanez and Porter,
1999; Scherbakova et al., 2000), resulting in a significant
increase of targeted events.

However, retroviral targeting vectors have another limi-
ting factor, namely the length of the DNA fragment
homologous to the target locus. Due to the size limit that
viral vectors can accommodate, the ideal length of DNA
inserts ranges from 5 - 10 kb. This relatively small size of
the homology between vector and target DNA influences
not only the targeting frequency but also the size of the
disruption/replacement that can be obtained (several tens
of kb; Tsuda et al., 1997).

An alternative to retroviral targeting vectors could be
provided by bacteriophage A and P1 vectors, which can
carry up to 90 kb of inserted DNA (Nehls et al. 1994;
Briggemann and Neuberger 1996). However, their
cloning potential is still far below the size of many
mammalian genes, which limits their use. Accommo-
dation of even larger DNA fragments and their stable pro-

pagation in yeast S. cerevisiae was achieved by con-
struction of yeast artificial chromosomes with megabase-
long DNA inserts from several YAC clones bearing
overlapping DNA inserts, through the exploitation of the
efficient and accurate yeast recombination machinery
(Silverman et al., 1990, Deunen et al., 1992). This
characteristic of yeast also allows an introduction of
subtle changes within cloned DNA and introduction of
new selectable markers (retrofitting) for transfer of the
modified YAC into mammalian cell lines. Many human
loci have been transferred so far to murine ES cells using
modified YAC vectors, and have been subsequently
efficiently expressed in the transgenic mice tissues
(Mendez et al.; Peterson, 1997). However, YACs were
not used for improvement of gene targeting, but rather as
vectors for the introduction of large human genomic DNA
fragments into ES cell lines. To avoid heterogeneous
expression of transgenic and endogenous loci, the cell
line employed must have endogenous DNA region(s)
silenced or, alternatively, the YAC-derived transgenic
mouse need to be subsequently crossed with appropriate
knock out strains. The main disadvantage of this appro-
ach lies in time-consuming process to obtain the desired
genetic change in the mouse and in the necessarily
prolonged culture passages that reduce dramatically the
pluripotency of the ES cells, thus minimizing chances to
produce transgenic animals. Within the category of
artificial chromosomes, Mammalian Artificial Chromo-
somes (MACs) did not fare as well in the past, due to the
difficulty to clone and perpetuate very large DNA
molecules containing human centromeric regions that,
per se, can reach the size of 1 megabase. These
biotechnological instruments, therefore, were used only in
particular, specific cases in which the genetic elements to
be manipulated were already known and isolated from
the whole genome. More recently though, mammalian
artificial chromosome technology has been further
improved and rendered almost as handy as BACs and
YACs. Indeed, one class of MACs, the mammalian
satellite DNA-based Atrtificial Chromosome Expression
(ACE) systems can be replicated de novo in cell lines of
different species and efficiently separated from the host
chromosomes (Bunnell et al., 2005).

Chromosome knockout

A major manipulation of the genome of a eukaryotic cell
is, without any doubt, the elimination of one of its
chromosomes. This event dramatically changes genome
homeostasis as well as overall chromosome dynamics
during meiotic division and mitotic segregation. Histori-
cally, chromosome loss has been achieved in eukaryotes
by treating cells with chemical and physical agents that
interfere with spindle formation and dynamics, with the
result that this kind of loss is random and occurs with
additional toxic cellular effects (Esposito et al., 1982;



Howlett and Schiestl, 2000). Monosomic yeast strains
have been obtained in cell division cycle (cdc) mutant
strains defective in gene products playing an essential
role in DNA synthesis and chromosome segregation
(Bueno and Russel, 1992; Bruschi et al., 1995; Storici et
al., 1995). Moreover, a specific chromosome loss achiev-
ed by 2-u DNA plasmid integration was reported many
years ago (Falco and Botstein, 1983). In another report,
the GAL1 promoter was integrated immediately upstream
of a centromere. Transcription of GAL1 interfered with the
centromere function, thus inducing chromosome insta-
bility (Guacci and Kaback, 1991). However, these
methods are very elaborate and yield contradictory
results. The establishment of randomly monosomic mam-
malian cell lines obtained through the inactivation of DNA
topoisomerase Il, which plays an important role in mitotic
chromosome disjunction (Clarke and Gimenez-Albian,
1999) has highlighted the importance of DNA topology
and dynamics in the stability of the whole genomic
architecture.

More recently, selective chromosome V loss by the
deletion of the corresponding centromere in yeast diploid
strain, using the standard EUROFAN knockout techno-
logy, has been reported (Zang et al., 2002). The experi-
mental approach was to substitute the centromere region
of interest with a linear, double-stranded DNA cassette
containing a specific yeast selectable marker (the LEU2
gene in that case) flanked by two 40-bp DNA sequences
homologous to the target peri-centromeric regions. In this
way, the substituted chromosome is replicated during
DNA synthesis, but it is transferred casually to the daugh-
ter cell at each cell division, instead of systematically,
because of the lack of the kinetochore-anchoring com-
plex for the mitotic spindle fibers. The result is the segre-
gation of a cell line lacking one chromosome. However, it
has further been demonstrated that, either immediately or
after a certain number of cell generations, the cells
endoreduplicated the remaining homologous chromo-
some. This restores the normal euploidy, but fixes the
Loss of Heterozygosity (LOH) for the markers previously
in heterozygous configuration on the pair of chromo-
somes involved in the knock out.

Gross chromosomal rearrangements (GCRs)

The discovery of mutants with increased genomic
instability suggested that chromosomal rearrangements
normally are actively suppressed, probably by specific
checkpoint genes (Kolodner et al. 2002). Transformation
of yeast cells with a chromosomal fragmentation vector
(CFV) resulted in the gain of a chromosomal fragment
(CF) with or without the loss of the targeted chromosome,
following DSB processing by break-copy duplication
(Morrow et al., 1997). Later, it was demonstrated that a
chromosomal DSB produced by the HO endonuclease
could be repaired by break-induced-replication (BIR),
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leading to non-homologous end joining (NHEJ)-mediated
non-reciprocal translocation (Bosco and Haber, 1998).
Recently, a cre site-specific recombination-based system
has been developed to produce reciprocal translocations
at pre-engineered loxP sites (Delneri et al., 2003). Finally,
the HO system has been utilized for the production of a
DSB on two chromosomes, resulting in reciprocal
translocations by NHEJ (Yu and Gabriel, 2004). How-
ever, in these experimental yeast systems, cells needed
to be previously engineered to obtain translocations at
their modified chromosomal sites, and could not generate
non-reciprocal translocations. Therefore, the technical
difficulty of generating this type of gross chromosomal
rearrangement (GCR) in vivo hinders the understanding
of genome alterations and dynamics.

An experimental production of selectable translocants
generated at desired chromosomal locations in wild-type
yeast strains was developed (Tosato et al., 2005). Cells
have been transformed with the Kan” linear DNA
cassette having the selectable marker flanked by two
DNA sequences homologous to two different chromo-
somes. Using this BIT (Bridge Induced Translocation)
system, induction of targeted non-reciprocal transloca-
tions in mitosis was achieved (Tosato et al., 2005). This
in vivo approach to generate specific chromosomal
translocations is the first step into the manipulative
understanding of genome dynamics, to mimic the GCRs
alterations responsible for many genetic diseases,
including cancer.

Gene inactivation, DNA deletion, and integration
technologies

Sophisticated genome manipulation requires the
possibility of modifying any inter- or intragenic DNA
sequence at will, without leaving large amounts of
undesired vector DNA at the site of alteration. To this
end, a long series of sophisticated vectors has been
developed from the previous gene knockout plasmid
systems, for example to integrate non-selectable foreign
DNA at any desired genomic location in yeast, with a
minimum amount of residual plasmid DNA. Some of
these vectors have two mutated Flp recognition targets
sequences (FRTs) of the endogenous 2-micron DNA
plasmid for site-specific excision of the flanking KanMX4
kanamycin-resistance gene. Outside the FRT boun-
daries, the plasmid carries multiple sites for subcloning of
the DNA fragment to be integrated (Storici et al., 1999).
Within the recyclable selection marker methodology,
several other systems were available for gene disruption
and replacement (Toh-e, 1995; Akada et al., 2002), as
well as for epitope tagging of chromosomal genes (De
Antoni and Gallwitz, 2000; Knop and Schiebel, 1997).
However, none is capable of integrating at a specific
locus, a desired DNA sequence having no directly
detectable phenotype. The FLP/FRT system has now
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been improved by implementing a new advanced stra-
tegy for in vivo genomic DNA alterations. The new
system, called STIK (Specific Targeted Integration of
Kanamycin resistance-associated non-selectable DNA),
allows the integration, at any genomic location, of DNA
sequences that express no directly selectable phenotype,
such as spacers, tags, nuclear localization signal
sequence and any intergenic or otherwise heterologous
sequence (Waghmare et al.,, 2003). The STIK system
accomplishes this task by exploiting the temporary
integration of the recyclable, positively selectable
KanMX4 marker. This selectable marker can be recycled
by Flp site-specific excision between two identical FRTs,
for the integration of further DNA fragments. This
chaperone-like plasmid system provides for a new
molecular tool to "stik" (integrate) any DNA fragment at
any genome location in yeast strains. Moreover, the
system can be extrapolated to other eukaryotic cells in
which the FLP/FRT system functions efficiently.

Genome microarray imaging

One of the latest technologies in the field of genome
analysis is the development of bioinformatics programs
able to perform the manipulation of microarray images
and the identification of known biological relationships
among sets of genes (Zimmer et al., 2004). This techno-
logy lends itself to online consultation and interactive
utilization for the re-ordering of microarray map data
through genome image alignment programs that can be
run or downloaded from
http://coli.berkeley.edu/genomeimages/ and other URL
sites.

From bacteria to eukaryotes: the distribution of
genes as a consequence of evolution

Despite the idea that the highly expressed genes are
positioned on the leading DNA strand to allow faster
replication and transcription, today it is believed that, at
least in bacteria, gene essentiality drives gene-strand
bias, (Rocha and Danchin, 2003), while lethality can be
provoked not only by deletion, but also by strand
switching or scrambling of essential genes. In this view,
the genetic organization in bacteria may represent a kind
of chromosomal hyper-structure that regulates cellular
segregation (Rocha et al.,, 2003). These signs of
chromosomal organization are in apparent contrast to the
loss of genetic order due to gross chromosomal
rearrangements (Rocha, 2004). The idea that scrambling
may be useful for adaptation and evolution partially
justifies this possible conflict. In eukaryotes, frequent
recombination events leading to massive chromosomal
rearrangements, may be necessary in meiosis to gene-
rate differentiations, but represent a mistake in mitosis.
Gene distribution and genomic evolution are driven by
spontaneous segmental duplication or aneuploidization.

The size of the putative segments that undergo duplica-
tions varies from 41 kb to 268 kb (Koszul et al., 2006).

One of the proposed molecular mechanisms used to
explain duplication, is a fork collapse-generated DSB
followed by intra or inter-molecular BIR. These sponta-
neous events are then fixed in a cellular population by
positive selection. Adaptive sweeps are associated with
the fixation of these duplicated loci (Moore and
Purugganan, 2003). Around 15% of genes in the human
genome, and up to 20% in Drosophila, S. cerevisiae and
C. elegans are believed to arise from duplication events.
For these organisms, the average half-life of a duplicate
gene is approximately 4 million years. A conservative
estimate of the average rate of origin of new gene
duplicates is on the order of 0.01 per gene per million
years, with rates in different species ranging from about
0.02 down to 0.002. (Lynch and Conery, 2000). Genomic
duplication is now accepted as the major evolutionary
mechanism providing a dispensable copy of any gene
upon which selection can act, shaping the modifications
compatible with life by tests that do not eliminate the
failing mutations. Moreover, the knowledge of the
existence of tandem chromosomal duplications in patho-
gens (Brosh et al., 2000) will help in the monitoring the
altered immunogenicity of few pathogenic strains and
their use as vaccines while new strategies of genomic
manipulations such as insertion-duplication mutagenesis
may contribute to the identification of potential thera-
peutic targets (Opperman et al., 2003).

Homologous linear DNA molecules are bridging life
to death via GCRs

Recombination is an essential step in meiosis to generate
genomic variability, and genomic variability is necessary
for speciation. Chromosomal rearrangements may have
contributed to some of the speciation processes along
the human and mouse lineages (Marques-Bonet and
Navarro, 2005). Nevertheless, massive chromosomal
rearrangements in meiosis may also lead to genetic
diseases. In mitosis, where strict checkpoint mechanisms
avoid excessive recombination among repeated elements
and paralogs, the rearrangements are an occasional
accident caused by unexpected Double Strand Breaks
(DSBs). A replication fork barrier can generate the DSBs,
following a chemical or physical damage (irradiation,
methyl methanesulfonate-MMS exposure) or following an
integration of an exo/endogenous DNA. In all these
cases, the break should be immediately repaired; if not,
the cell undergoes apoptosis. Different molecular senti-
nels sense the break and activate variegate salvage
pathways like Homologous Recombination (HR), Non
Homologous End Joining (NHEJ), Single Stand Annea-
ling (SSA) and others. In all of these pathways, two
distinct classes of genes are involved: DNA repair genes
and checkpoint genes. Mutations in the first class of
genes give rise to severe diseases such as the Xeroder-
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Figure 4. BIT generation of translocant chromosomes with two Kan”

DNA cassettes in the yeast Saccharomyces cerevisiae. a) selectable
cassette with two ends homologous to the ald5 and dur3 loci on
chromosomes V and VI, respectively. b) Selectable DNA cassette
with two ends homologous to the dur3 and adh1 loci on chromosome
VIII and XV, respectively. Black letters indicate the positions of the
strategic probes used for mapping the translocation by Southern
hybridization. a = apm2, b = cgp1, C = cdc33, d = msh2, e = alg6, f =
ade2, g = elg1, h = kanamycin”™, i = bud16, j = rad51.

ma pigmentosum and the Hereditary-non-polyposis
colorectal cancer. Alterations in the second class may
lead, for instance, to Ataxia-telangiectasia, Nijmegen
breakage syndrome, Bloom, Werner and Rothmund-
Thomson syndromes. The two major pathways of repair
are HR (which is more used in lower eukaryotes) and
NHEJ (very frequent in mammalians, Kanaar et al,
1998). NHEJ occurs in mammals with a frequency of one
event/10%-10* cells vs 10°-10” of HR. The NHEJ therefore
represents a barrier to targeted integration in higher
eukaryotes. It is believed that both pathways are active in
the regulation of Gross Chromosomal Rearrangements,
which are a natural consequence of DNA repair, since in
the attempt to repair a DSB the cell generates random
GCRs.
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When a eukaryotic model cell such as yeast captures
linear exogenous DNA with ends homologous to the
genome, it integrates it by homologous recombination. If
the homologous loci belong to two different chromo-
somes, a non-reciprocal translocation is generated with a
frequency that depends upon the extension of the homo-
logy itself. For a tail of 40 nt, the frequency of integration
is around 2%, while increasing the homology up to 70 nt,
the frequency doubles becoming approximately 4.8%.
This observation implies that an exogenous linear DNA
may create chromosomal translocations exploiting the
endogenous HR system of the cell. Thus, this bridge-
induced translocation (BIT) event is responsible for the
loss of heterozygosity that is usually associated with
many types of cancer (Tosato et al. 2005, Figure 4). It
has to be assessed whether these phenomena may also
play a role during evolution. When a linear molecule of
DNA enters into the nucleus, even if it shows homolo-
gous ends, generates a complex scenario of events
which consists not only of targeted translocations, but
also of ectopic integrations, non-specific translocations
and intra-chromosomal deletions. Therefore, it can be
assumed that the two main pathways of DNA repair,
homologous recombination and the non-homologous end
joining, are co-operating to avoid a persisting DNA break
and that, in this way, their activity may cause severe
genomic rearrangements.

The legacy of the genomic era is essential for
vaccine development

Many infectious diseases that are endemic in developing
Countries cannot be treated with an efficient vaccine.
Drugs are usually available, but resistance is a recurrent
event, especially in infections caused by protozoan
parasites. The key obtained by deciphering the microbial
genomes has also provided the possibility of developing
new vaccines and drugs. Such genomic pioneering
opened the curtain on a panorama of incredibly powerful
technologies such as microarray, SAGE, cell-based drug
design (CBDD) systems and more. When applied to
parasites, these technologies highlighted new genes,
relevant to the diseases, whose expression differs
between the insect-borne stage and the human infectious
stage (Duncan et al., 2004). Genome dynamics was
observed by subtractive hybridization and microarray
analysis also in Yersinia pestis (Wang et al., 2006; Zhou
et al., 2004) and Vibrio cholerae (Dziejman et al., 2002)
leading to the identification of the genes that correlate
with bubonic/pneumonic plague and cholera. It was found
that a surprising dynamics of the genome characterizes
Yersinia. This is due to horizontal gene acquisition and
genetic loss explaining the continuous bacterial evolution
to deadly pathogenic lineages. By contrast, V. cholerae
shows a high degree of conservation among different
strains.
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The advantage in terms of early diagnosis coming from
genomic studies is well demonstrated for leishmaniasis.
Knowledge of the genome (lvens et al., 2005) allowed the
development of a new PCR technique (gp63 PCR-RFLP)
to discriminate among different Leishmania populations
that are very close phylogenetically but not epidemiolo-
gically.

The elucidation of the dynamic of the microbial geno-
mes helps in understanding the local sequences varia-
tions and the polymorphisms characterizing the different
isolates. Therefore it is essential to characterize these
genomic variations to design an appropriate vaccine. In
rural areas of Tanzania the efficacy of different vaccines
was tested on different patients bringing three subtypes
of the HIV-1 strain (Arroyo et al.,, 2005). High-risk
populations can provide an opportunity for the virus
evolution, its recombination, and its adaptation to the
host-specific genetic background (Herbinger et al., 2006).
Sometimes the treatment of a disease with a vaccine
may induce genomic changes and may help the persis-
tence of the disease. One example is the wide spreading
and reemergence of the endemic pertussis despite half a
century of vaccination. Vaccination shifted the compe-
titive balance between strains (Mooi et al., 2001). In
particular the genes coding for two virulence factors,
pertactin and pertussis toxin, varied with the adaptation of
the microorganism to less react, acellular vaccines
composed of purified B. pertussis proteins. DNA polymer-
phisms allowed the identification of three pertussis toxin
variants. Five multi-locus sequence types (MLSTs) were
found in different isolates of B. pertussis and their
significant changes were observed after vaccination. The
polymorphism in the pertussis toxin genes allowed the
characterization of strains from widely separated
geographic areas and their correlation with epidemics
(van Loo et al., 2002).

The ability to manipulate genomes may be exploited to
generate mutant collections without a revertible phenol-
type to be utilized as live attenuated vaccines. The mani-
pulation of the genomic material bypasses by far the
power of gamma-irradiation, long-term culture or chemi-
cal mutagenesis techniques. Technologies have been
developed (Denise et al. 2004) to selectively delete a
certain locus without leaving marker genes that mediate
undesired antibiotic resistance to putative useful drugs.
To understand the genome dynamics and the variations
in gene expression of pathogens (also correlated with
different stages of the parasites as for Leishmania spp.),
several expression profilings were performed (Palacios et
al.,, 2007; Leifso et al., 2007; Vora et al., 2005). They
allowed the identification of strategies used by the patho-
gens for survival in the human host and the focusing on
new candidate antigens for vaccine development. Few
families that encode surface proteins in Plasmodium
falciparum 3D7 (Daily et al., 2005) and several genes
found in genomic regions with altered percentage of GC
content in Y. pestis ((Lawson et al., 2006) are only few

among a multitude of putative targets suitable for vaccine
development which have been highlighted through
expression arrays. Therefore, from the epidemiological,
diagnostic and technological point of view, exploitation of
the genome dynamics potential helps in reading its
informational message and understanding its meaning to
a much deeper extent.

Conclusions

The enzymatic pathways that the cell activates in order to
fix DNA injuries are not yet well understood, but
represent the underlying molecular basis of genome plas-
ticity. It is not completely clear, for example, if a crossing-
over event of recombination or break-induced replication
(BIR) machinery is the main mechanism responsible for
the integration of a linear molecule into the genome.
Because linear viral DNA integration as well as DNA
transposition to naturally manipulate the genome had
arisen during evolution, the elucidation of the molecular
mechanism underlying this phenomenon will shed more
light on how speciation occurred, and will foster the
development of new drugs and vaccines. In this view, the
dynamics of the genome structure represents still a
crucial, unknown area of genetic information in which
secondary DNA architecture warrants future investiga-
tions to better define its biological role.
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