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Abstract

The metaphor of the genetic program is ubiquitously used. Does it bring about
a deeper insight into what cells are? In brief, computers do not make comput-
ers, but cells make cells. Pursuing the analogy in its deepest consequences we
explore bacterial genome diversity as organized around core programs meant
to couple the expression of the program with the architecture of the cell. At first
sight genomes appear to evolve fast and exhibit no rule of organization. How-
ever, when the huge number of generations separating various organisms is
taken into account, diversity appears only as a trivial observation. In contrast,
rules of gene organization are observed, for example in the separation between
Archaea and Bacteria, in the composition of the leading and lagging strand of
the chromosomes, in the distribution of genes along the DNA strands, or in the
formation (and conservation) of operons and pathogenicity islands.
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In contrast to the laws of physics, those
of biology are full of exceptions: as soon as
a rule is discovered, a further discovery
shows an exception. This is even true of the
most central features of what has been
named the ‘central dogma’ of molecular
biology (dogma indicated in a prominent
way that this was more or less the place for
belief, not for rational thought). The genet-
ic code offers exceptions, reverse tran-
scription is ubiquitous, and what about
RNA editing, ribozymes and non-coding
RNAs? Because of this situation there will
always be biologists trying to discover uni-
versal rules, while others will fight against
universality. The consequence is either that
diversity will be perceived as the core of
biological systems (and this culminates in
genome studies in the ubiquitous fuzzy
concept of ‘genome plasticity’ [1-3]), or
that diversity will simply be seen as a col-
lection of exceptions to the rule. In the
present article I try to balance these views
and explore whether - at least in prokary-
otes — diversity is not simply a general pro-
cess meant to propagate and stabilize in a
selective way systems that are constructed
along universal rules. The principle of se-
lective stabilization is indeed at the bottom
of all living processes, and is used over and
over again, even at the level of the central
nervous system of animals.

A Very Brief Summary of

What Life Is

Placinglife in context is necessary when
we wish to understand what genomes are,
and how they are constructed. All material
systems submitted to the empedoclean/
maupertuisian/malthusian/darwinian’
triplet: variation/selection/amplification
will evolve. In the course of their evolution
they will create actions aiming at selective
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! Selective theories are often attributed to Darwin. However, they
were pervading the thoughts of philosophers interested in biology.
Aristotle quotes Empedocles for such visions and tries to ridicule
him. More recently much discussion of the topic can be found in
Maupertuis, and even in the famous diaries of Samuel Pepys.
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stabilization of the system, or rather (there
is of course no prescribed goal to the evolu-
tion of material systems) we will only wit-
ness the existence of those systems that
have been selectively stabilized into forms
that stay long enough in existence. This is
akin to learning with concomitant imbed-
ding in the system of an image of the envi-
ronment (that which created the selective
pressure to which the system has been sub-
mitted) [4]. To this purpose, evolving sys-
tems will usually recruit preexisting struc-
tures rather than come up with a de novo
magic construct that would fulfill the needs
of the action required by the stabilization
goal. This accounts for the ‘tinkering’ as-
pect of most biological constructs and is
the context in which life - and genomes -
have to be considered. Hence, contrary to
what is often thought, the function will not
tell the structure, except when it derives by
divergent evolution from a sufficiently
close kin. Among such evolving systems
some are endowed with life.

Briefly, three major processes are re-
quired to make a living entity: (1) metabo-
lism (ongoing chemical processes that
transform molecules into other mole-
cules), (2) compartmentalization (the cell
with its inside and its outside is the atom
of life), and (3) information transfer (this
is the place where the central dogma of
molecular biology operates).

Understanding genomes has to be
placed in this particular context: an isolat-
ed genome will not construct another ge-
nome. This is what viruses do - and we
shall not comment on that - but viruses do
not exist in the absence of living cells. Ge-
nome diversity is reflecting these con-
straints, both those of metabolism and
those of compartmentalization. As a mat-
ter of fact there is a broad difference be-
tween the genomes of prokaryotes and
those of eukaryotes. The sequence of the
former looks, at first sight, highly random,
while that of the latter looks highly repeat-
ed [5]. We shall not go on further with this
first observation,and only remark that this
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indicates a first link between the architec-
ture of the genome and the architecture of
the cell. In what follows we shall mostly
deal with prokaryotes, as models for indi-
vidual cells.

Data, Programs and Machines

The metaphor of the genetic program
was created as a convenient way to describe
how cells live and develop. Something sta-
ble had to be transmitted from generation
to generation, but the preformist view of
the whole organism as the transmitted en-
tity was rapidly discarded as it was contra-
dicted by the impossibility to segment ob-
jects ad infinitum. Hence, what had to be
transmitted in the course of generations
was not the final organism, but, rather, a
recipe to make it (duplicating recipes is
much less difficult to conceive,even though
the question of errors during duplications
must be included in the picture). This
paved the way for the concept of a genetic
program that became almost self-evident
when the structure of DNA was discovered.
It was, however, understood early on that
some strange organisms (were they living
or not alive?), the viruses, behaved as indi-
vidual pieces of programs, using the cell as
the machine needed to make them multi-
ply and subsequently propagate (often by
destroying the machine): no virus can sur-
vive without a living host cell. Later on,
when computer programming took off on
avery large scale, pieces of programs were
found to behave formally as do biological
viruses, and were named ‘viruses’ accord-
ingly. This was a further indication that
there was perhaps a deeper meaning than
the surface meaning of the ‘program’ meta-
phor of what life is. Furthermore, when it
became possible to manipulate DNA in vi-
tro, the analogy appeared even deeper:
working in silico on a string of symbols
was enough to allow scientists to construct
in vitro, and then in vivo, experiments that
corresponded to the very concrete action
of reprogramming the cell’s fate.
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The discovery of the processes setting
up regulation of gene expression, followed
by that of the genetic code, spread the rep-
resentation of life as the result of the ex-
pression of a program that could be seen
as a linear string of symbols [6]. This con-
cept was already well understood at a time
when the first computers had been shown
to operate as predicted by Turing [7], von
Neumann [8] and the many theoreticians
and scientists who had uncovered the link
between the arithmetics of whole numbers
and logic. In his famous metaphor, Turing
proposed that all computations involving
integers as well as all operations of logic
could be performed by a simple machine
reading and modifying a tape carrying a
linear sequence of symbols, the universal
Turing machine. He was able to show that
this required only the physical separation
between the string of symbols (visualized
as a tape) handled by the machine and the
machine itself. More precisely, he showed
that the tape was carrying the data that al-
lowed the machine to proceed. In terms of
their anthropocentric meaning, the data
could be split into two types, a program
that embedded the ‘meaning’ of the logical
sequence recognized by the machine, and
the pure data that were needed for the pro-
gram to operate (in a way, they provided
the context). This immediately suggested
the following metaphor (or research pro-
gram [9]): would it be possible to consider
the cell as a Turing machine,and if so, what
are the implications in terms of biological
objects needed to make it run. As early
as 1972 Woese [10] tried to associate the
downstream process of translation with
the tape reading metaphor, linking it with
the creation of complexity during evolu-
tion. However, the core of Turing’s descrip-
tion is that of the physical separation be-
tween ‘data + program’ and ‘machine’ and
this could not be explored conceptually
and experimentally before it became pos-
sible to manipulate DNA and reprogram
cells, as performed in the process known
as genetic engineering. The genetic pro-
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gram is carried out by the DNA molecule;
can we consider it as a separate entity, and
if so, to what extent? Genetic engineering
rests on the manipulation of DNA mole-
cules (real or artificially constructed ones)
and expression in foreign cells: thisis a first
proof of concept. Many bacteria today pro-
duce human proteins. However, this repre-
sents a small part of the genetic program;
is it possible to extend this analogy? The
identification of widely spread horizontal
gene transfer [11], and subsequently nu-
clear cloning [12], perfected the analogy of
the cell as a Turing machine to a point
where it can be considered as highly re-
vealing, if not (of course) explaining life in
totality. We shall, therefore, explore bacte-
rial genome diversity, using this meta-
phoric analogy as a research program, to
find out the nature of processes that must
be imbedded into the genetic programs
and allow one to understand both their
universal nature and their diversity. In this
brief review we cannot extend our explora-
tion to the counterpart of the exploration
of similarities between cells and comput-
ers, which explores the similarity between
computers and cells in biomimetic studies,
such as the ‘bioinspired’ creations devel-
oped by Mange and his colleagues [13, 14]
at the Ecole Polytechnique Fédérale de
Lausanne (Switzerland). This in itself
would warrant a full study.

Essential Genes,

Housekeeping Genes and the

Minimal Genome: What Type

of Diversity?

The Turing machine is an abstraction.
To make it concrete, i.e. to make a comput-
er, von Neumann [8] tried to classify the
various processes that needed to be imple-
mented in any program that a Turing ma-
chine would handle. This made him pro-
pose the concept of what we now refer to as
the operating system (OS), a particular
piece of the program that is indispensable
for the machine to operate [15]. The OS is
defined by a series of functions creating,
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within the program, some sort of an image
of the processes required by the machine
to perform its role. As a first step,one needs
to distinguish between the machine and its
‘users’. Thus,a description of a‘virtual ma-
chine’is conceived within the program that
hides from the users all the engineering
details of the computer as a physical entity.
At the core of the OS there must be a ‘re-
source manager’ providing efficient and ef-
fective sharing of the needed physical and
abstract routines among users of the ma-
chine (each one using and creating data
while running programs). Naturally, users
are usually not human users but they
can be other machines as well (printers,
screens, memory storage devices, all kinds
of peripherals) and some are even pro-
grams (this is why software engineering is
so important for the creation of large soft-
ware pieces). Among those, we find several
important classes of programs such as sys-
tem’s programs (compilers, editors, load-
ers), application support programs (data-
base management systems, networking
systems) and finally, the programs that
correspond to the goals of the machine, ap-
plication programs.

Because this is very abstract, there is no
reason, when these concepts are trans-
formed into real lines of code, why there
should exist only one type of OS. As a mat-
ter of fact, in the computer industry, many
exist (and are in competition with each
other, since no computer would work with-
out an 0S). 0Ss are not fixed in time, and
they certainly evolve as we can see in the
present computer market. In short, an 0S
plays the role of a ‘housekeeping’ program.
Do we find similar properties in living or-
ganisms? If we analyze the number of ar-
ticles using the expression ‘housekeeping
genes’ we find several hundreds of articles,
suggesting that there is some consensus on
the nature of the processes needed to be
present in all cells. At first sight, living cells
display overall features similar to one an-
other, and the (almost) universal rule of
the genetic code as well as of the DNA rep-
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lication machineries would argue for uni-
versality. However, the process of cell divi-
sion is remarkably different between the
eukaryotes and the prokaryotes, for exam-
ple. Compartmentalization is also very dif-
ferent in these organisms, with the former
having a well-formed nucleus. In the class
of prokaryotes, Woese et al. [16] revolu-
tionized the community of microbiolo-
gists when they uncovered a remarkable
discrepancy between two classes of cells,
separated by the very core of their house-
keeping machinery (translation first, but
also transcription, replication and com-
partmentalization), the Archaea and the
(previously recognized) Bacteria. Even
Bacteria are not homogeneous [see the de-
bate about the origin and nature of pro-
karyotes, 17-18].

This exploration of the OS metaphor
provides us with the first level of diversity
in prokaryotic genomes, located at a very
deep level and probably originating very
early on in the evolution of life: despite
similarities, there are large differences in
the housekeeping genes controlling repli-
cation, transcription and translation in
cells. The question of their origin and evo-
lution is still open. Even in Bacteria, there
are at least two classes of core DNA poly-
merase III: most use only one housekeep-
ing DNA polymerase for the management
of both DNA strands, while the A + T-rich
‘monoderm’ [Bacteria with a single mem-
brane; 17] Firmicutes use two such en-
zymes (DnaE and PolC), perhaps for a dif-
ferent management of the leading and
lagging strands [20]. Symmetrically, the
Firmicutes use only one SpoT/RelA pro-
tein both for synthesis and degradation of
the universal regulator pppGpp, while
gammaproteobacteria (to which Esche-
richia coli, the best-known organism be-
longs) have two such enzymes, SpoT and
RelA [21]. All this points to the idea of a
common functional class, that of the ana-
log of an OS [22], which would differ in dif-
ferent types of cells.
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It is important to notice that, when the
core housekeeping gene products differ,
this will most probably have consequences
in many other gene products, resulting in
an in-built diversity that fits with the large
classes (domains or kingdoms) of organ-
isms as we now classify them. This opens
the question (discussed below) of the ‘self’
of each species,and whether it is somehow
labelled in the genome. This diversity is
also at the core of the colonization of the
Earth by species that tend to limit exchang-
es of genetic material within one domain
or kingdom [18].

In the course of specification of this di-
versity, two general strategies are at work:
either organisms are single-cell organisms,
or they tend to multiply membrane and
skins [5, 18]. Single cells would need an OS
similar to that of personal computer OSs,
with some time-sharing properties. In
some instances the OS could degenerate to
that of a simple batched OS or, more often,
to multiprogrammed batched OSs. For
more complex organisms, one would obvi-
ously need parallel and/or distributed sys-
tems. In general, because the analog of the
0S must manage many nanomachines, it
would probably be more of the object-ori-
ented type (i.e. managing resources inside
datafiles). As a consequence, while it is im-
portant for each organism to identify its
housekeeping genes, there is no compel-
ling reason that would state that these
genes should have exact counterparts in all
organisms. The only good reason for uni-
versality would be historical: if it is difficult
to create this or that function, it is likely
that once it has appeared somewhere it will
spread everywhere. This implies divergent
evolution (but horizontal transfer as well).
In contrast, for functions that are more
straightforward, one could witness diver-
sity and/or convergent evolution. The ma-
jor housekeeping functions are the replica-
tion machinery, the transcription machin-
ery,and the translation machinery. The cell
membrane also has to be constructed, and
to allow for import and export of metabo-
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lites and proteins. Finally there must be a
set of genes required for accuracy and
maintenance of the major housekeeping
processes. Various methods made it pos-
sible to compute the minimum number of
genes needed to perform these functions,
and both by reasoning (this evaluation was
at the root of the creation of genome pro-
grams in the European Union in the mid
1980s [5, 23] and was discussed at many
meetings meant to support the idea of se-
quencing genomes, see also [24]) and by
experimental evidence [25], the minimum
gene set is limited to about 300 genes or so.
As expected, this set is strongly correlated
with genes considered as essential for
growth on media supplemented with most,
if not all, indispensable basic metabolites
[25]. It is interesting to see that, even in
Bacteria, there is some variation in the set
of essential genes [26,27],in line with the
idea of variations in the OS driving the cor-
responding Turing machine.

A first tentative conclusion that may be
drawn from this observation is that, from
an initial population of cells exchanging
genetic material at a high frequency,a fam-
ily of organisms began to differentiate in
such a way that they would create isolates
progressively more resistant in terms of in-
vasion by foreign genes. These organisms
could then colonize specific environmental
niches.

Regularities in Bacterial

Genomes: The Link between

the Architecture of the Cell

and the Architecture of the

Genome

Inacrucial reflection, von Neumann [ 8]
remarked that machines do not make sim-
ilar machines. Very simple automata, such
as crystals, can do so, but as soon as they
are complicated enough, this apparently
becomes impossible. There is only one ex-
ception, living organisms. What would be
the constraints if we had to think of a com-
puter making a computer? The answer, ac-
cording to von Neumann, is that, within the
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computer, there should be some type of an
image of the machine that would also be
passed from generation to generation. This
requires both a hereditary component and
a structural component. Because, in living
organisms, the most obvious hereditary
component is the chromosome, it is inter-
esting to explore if, and how, some image
of the cell could be built in the chromo-
some organization [5,28].In order to do so,
we first analyze the way in which DNA is
handled by the various machineries in
bacteria, explore the diversity of the cor-
responding processes and then try to see
whether, despite this diversity, some com-
mon features emerge.

Periods, Motifs and Repeats:

A Highly Diverse World of

Genomes

Starting with the plain genomic DNA
sequence, several types of regularities have
long been observed. The most prominent
one is the result of the selection pressure
caused by the nature of the genetic code: a
period of 3 is prominent in all bacterial ge-
nomes, somewhat correlated to the RNY
self-complementary motif 29, 30]. Inter-
estingly, a second period around the value
of 10is also visible once the period of 3 has
been subtracted [31].Its explicit biological
meaning has not yet been explored. Many
more precise motifs have been analyzed in
genomes. However, there are not many uni-
versally conserved motifs, except perhaps
some biases in the TA versus AT content or
CG versus GC content [which is neverthe-
less quite variable, but may be due to some
structural property of the DNA molecule
rather than to cytosine methylation, as of-
ten proposed, 32, 33]. When considering
tetranucleotides in bacteria, the rarity of
CTAG aside [33, 34], the frequency of tet-
ranucleotides as well as of longer motifs is
highly dependent on the genome consid-
ered [35], often correlated with the pres-
ence of repeated sequences such as the
BIME or palindromic units in E. coli [36].
Other markers, such as the GATC motif
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used for labelling the nascent strands as
compared to their parents, is present with
similar roles in many gammaproteobacte-
ria, but is far from being ubiquitous [34,
37].

Analysis of the number of repeats in
bacterial genomes gave a puzzling result:
thereis no correlation between the number
of repeats in a genome and its length. Fur-
thermore, for a given genome’s length,
some genomes harbor a large number of
repeats (e.g. E. coli), while others appear to
restrict considerably the phenomenon of
repeated sequences (e.g. Bacillus subtilis)
[38]. This latter situation is reminiscent of
the repeat-induced point mutation process
found in fungi [39], but it has not been fur-
ther characterized (and it is all the more
puzzling because rDNA clusters are pres-
ent in such genomes, and cannot be sub-
mitted to a strong mutational process). All
this pleads for the recognition that DNA
management in genomes is highly vari-
able, even in apparently related species.
This large diversity will obviously force
evolution, and tend to compartmentalize
organisms within clusters of ‘DNA man-
agement’ types. This implies that, were we
to find regularities in genomes, they would
need to be selected by processes and con-
straints of universal importance.

Origin versus Terminus:

Circular and Linear

Chromosomes, a Highly

Constrained World of

Genomes

Onesuch universal constraint is replica-
tion. DNA replication is asymmetrical.
While this does not pose major problems
at the origin of replication - there is just a
need to melt the DNA structure, which
is easily achieved by local A + T enrich-
ment - the problem of the terminus is far
more challenging. The alternative is either
to have a circular chromosome (but then
the cell must resolve the knotted structure
present at the terminus), or to end up as
linear sequences (but then the cell must
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find structures able to start replication for
thelagging strand,withoutlosinginlength:
this is the origin of the wide variety of telo-
meric structures).In eukaryotes, except for
a few plasmids, linear chromosomes with
telomeres are the rule. In bacteria the cir-
cular chromosome is the rule, but quite a
few bacteria have, nevertheless, linear
chromosomes with telomeres (e.g. Borrelia
burgdorferi or Streptomyces coelicolor). Or-
igins of replication are difficult to identify
in eukaryotes in general, while they are
most often well characterized in bacteria,
where theleading versus the lagging strand
replication difference gives rise to a GC
skew (there is more G in the leading strand
than in the lagging strand, making it pos-
sible to identify where the origin and ter-
minus of replication are located, just by
analyzing the GC content of the DNA mol-
ecule) noted after the first complete ge-
nome sequences had been published [40].
Before completion of the sequencing of ge-
nomes it was not really possible to investi-
gate their global structure, and despite
many studies indicating that the differenc-
es in mutation rates between the leading
and thelagging strand might resultin a dif-
ferent base composition in each strand no
clear picture could be obtained, besides
that presented by some single-stranded
DNA viruses [41]. Remarkably, besides the
GC-skew bias, further studies observed
that the bias is of universal nature, with G
(and T) enriched in the leading strand as
compared to the lagging strand, and ex-
treme consequences in terms of amino
acid composition of the proteins coded by
each strand [42]. Thus, in many genomes,
the bias introduced by the presence of a
well-defined origin of replication results in
strong constraints that bias not only the ge-
netic code usage, but also the amino acid
sequence of the proteins. This usually oc-
curs with conservation of synteny in the
relevant parts of genomes (fig. 1). It is not
yet known whether it has important con-
sequences in terms of evolution, but it
might have favored, at least in eukaryotes,
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the variation in the origin of replication, in
order to average out the mutational bias on
both strands of DNA replication.

Because there is such a large difference
between the leading and the lagging strand
of DNA replication, it was interesting to ex-
plore another consequence of this dissym-
metry: replication and transcription do
not proceed at the same rate, on the one
hand (with replication much faster than
transcription),and, on the other hand, rep-
lication/transcription conflicts might re-
sult in synthesis of truncated transcripts.
While this may be of limited importance in
eukaryotes, in particular because the need
for splicing into mature transcripts into
authentic messenger RNAs creates an er-
ror screening-out process, it would be im-
portant in bacteria since a truncated
mRNA might direct the synthesis of a trun-
cated protein (with a frequent negative
dominant phenotype). Analysis of the dis-
tribution of essential genes in bacteria
with a well-defined origin of replication
supported the existence of this selective
constraint since most essential genes, re-
gardless of their relative level of expres-
sion, sit on the leading replication strand
[27,43].1t will, therefore, be interesting to
explore the general organization of bacte-
rial cells that do not have a genome with a
well-defined origin of replication.

Codon Usage Bias

In bacteria, most of the DNA sequence
is used to code for proteins. If there were to
be a link between the organization of the
genome and protein production, it would
be expected that some bias might exist in
the way in which proteins are synthesized.
In the early 1980s, Grantham et al. [44], re-
marking that the genetic code redundancy
might create a codon usage bias, analyzed
the sequence of the genes known at that
time and observed that there indeed exist-
ed asignificant bias in the highly expressed
genes of the translation and transcription
machinery as compared to that of the bulk
of the proteins. Later on, more subtle dif-
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ferences were discovered [11].1t appeared
quite remarkable that the general codon
usage bias, in bacteria as diverse as E. coli
and B. subtilis, despite the large difference
in codon frequencies, was apparently cor-
related with the function of the corre-
sponding proteins [28] (fig.2). Several hy-
potheses could be proposed to account for
this observation, but all require some type
of compartmentalization, either of the
tRNAs or of the messenger RNAs in the
cell, and this should be somehow correlat-

ed to the organization of the genome [5,
28]. The most common explanation rests
on the idea that there is a strong correlation
between tRNA abundance, tRNA charge by
its cognate amino acid and codon usage
bias [45, 46]. A more detailed analysis of
the relationship existing between cell com-
partments and codon usage bias has found
further correlations [47]. This observation
has been used with success to explore the
neighborhoods of gene products in order
to predict gene function [48]. However,

naturally, correlation is not cause, and
the question of the driving force that leads
to different codon usage biases remains
open.

Horizontal Gene Transfer

At this point we observe that, despite
large differences in the biochemical pro-
cesses underlying DNA management, there
are rules that pervade the bacterial world,
with the majority of bacteria having a cir-
cular chromosome with well-defined ori-
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Fig. 1. Synteny near the origin of replication in gammaproteobacteria. The new genome of Pseudoalteromonas haloplanktis TAC125 is compared
to counterparts in other bacteria of the same class, including marine bacteria. Conservation at the level of gene organization is prominent.
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gins and termini of replication, and with
their essential genes mostly distributed on
the leading replication strand. Genes that
are expressed at a high level are also often
biased in their codon usage. A basic con-
sensus, on which phylogenies rest, was for
along time that species were created by di-
vergent evolution by dichotomy from com-
mon ancestors. With the molecular clock
hypothesis, this allowed for construction
of trees that some thought would lead back
to an enigmatic progenote or last universal
common ancestor. This very naive view is
still held by popular science, and in some
circles interested in the problems of ori-
gins [26]. However, it is likely that many
pieces of metabolism had to be put togeth-
er to construct the first organisms, and that
at the onset of life, what would become
genes had to be widely shared and ex-
changed. The major discovery of the RNA
world was that of coupling RNA to proteins
with the creation of the translation ma-
chinery [49, 50]. DNA was subsequently
discovered as a way to stabilize the memo-
ry process in the course of generations.
What made the scenario get unified was
the general sharing of the genetic code,
with a common general translation ma-
chinery. With this view, horizontal gene
transfer was initially the rule, rather than
the exception. As we have seen in the previ-
ous paragraphs, it is, however, likely that
the major housekeeping processes were se-
lected early on creating different function-
al entities, presumably through geographic
isolation of populations of cells with alarge
variety of genes, resulting in the three ma-
jor kingdoms, Bacteria, Archaea and Eu-
karya. The main consequence of this sepa-
ration was that gene exchanges between
kingdoms are likely to have become more
and more difficult. The analogy with the
0S is revealing in this respect: software
portability is much dependent on whether
the software goes to computers with the
same OS or with a different one. When an-
alyzing the contribution of horizontal gene
transfer in genomes, one should, therefore,
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distinguish between transfer within a giv-
en kingdom and transfer between king-
doms; the latter is expected to be much
rarer than the former.

Lateral gene transfer was identified as
early as the time when bacteriophage ly-
sogeny was discovered. However, this was
assumed to be of limited importance as-
sociated with the phenomenon of local
transduction and/or prophage insertion in
the genome [51]. The genome sequences
presently available, while substantiating
the phage hypothesis, show that there is
also a very significant proportion of genes
that may come from horizontal gene trans-
fer. The first observation that a significant

portion of genomes was associated with
gene transfer was the result of the finding
that the codon usage bias of some 15% of
the reference E. coli genome was totally dif-
ferent from that of the majority of the genes
[11]. Interestingly, this study suggested
that the antimutator genes could be among
the laterally transferred genes, with the
suggestion that many bacterial species
stay in the environment as mutator popu-
lations which, when they encounter a sta-
ble environment, gain stability in produc-
ing less mutations [11]. Since then, data
about horizontal gene transfer accumulat-
ed, with some indication that, in some spe-
cies, genes from outside could outnumber
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Fig. 2. Distribution of proteins from E. coli K12 according to their codon usage, in the first
discriminating plane using Correspondence Analysis [11]. The cloud of points is clearly not
homogeneous. It could be split into three classes: standard genes, genes expressed at a high
level under exponential growth conditions (left ear of the ‘rabbit’ head) and genes coming
from horizontal gene transfer (right ear of the ‘rabbit’ head). Correlations in the codon usage
bias in genes involved in a common metabolism are illustrated in the case of histidine biosyn-
thesis, where genes are located along a common line. This can be accounted for by compart-

mentalization of translation [5].
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the core genes of the species [52]. The
question of lateral gene transfer remains,
however, one of the most controversial
questions in genomics [53-56]. At present,
the extent of horizontal gene transfer is not
really known, since the corresponding
knowledge mostly derives from genomes
of abiased sample of species (in particular
most are more or less readily cultivatable
in the laboratory). For our purpose here,
the main question that would have to be
examined is whether transfer is random in
the genome, or whether there exist hot
spots for foreign gene insertions. Of course
primary insertion could be (and probably
is) random, but what we see as having been
selectively stabilized may be of a different
type. The study of pathogenesis indicates
that the so-called ‘pathogenicity islands’
are not randomly distributed in genomes,
but are often associated with tRNA coding
loci [57-60]. In the same way, whole meta-
bolic pathways can be transferred from
species to species [61], and, generally
speaking, the region of the terminus of
replication is particularly rich in horizon-
tally transferred genes. This is easily ex-
plained by the need of the cell to use a re-
combination system in this region to re-
solve the knotted structure created by
chromosome circularity.

Common rules are necessary to allow
gene transfer. In particular, there must ex-
ist rules for DNA packaging that would be
common to organisms sharing genes. They
are not yet known. Rules allowing for gene
expression are needed, and, as we saw, the
difference in the process of gene expres-
sion between Archaea, Bacteria and Fu-
karya makes a productive transfer diffi-
cult.In fact, it seems likely that DNA trans-
fer is frequent [see for example the role of
conjugation, 62]. Apparently however, gene
transfer between these kingdoms is ex-
tremely rare. The only well-documented
highly active process is between plants and
bacteria, with the plant tumor promoting
Agrobacterium species. The very creation
of kingdoms of living organisms may have

68

beenselected through evolutionasameans
to screen out a number of horizontally
propagating, possibly ‘selfish’ DNA, viruses
for example.

Hence, while blurring the phylogenetic
picture,and making it more difficult to dis-
cern rules of genome organization, it is
likely that horizontal gene transfer has its
own rules, and that, at some point, uncov-
ering these rules will produce a clearer pic-
ture of the way in which genes move in ge-
nomes, whether in a random fashion or in
an organized way.

Diversity of Genomes

Life has evolved for more than 3.5 bil-
lion years. The trio driving evolution, vari-
ation/selection/amplification, acts at the
root of genome construction. The genome
sequence evolves continuously: DNA poly-
merase cannot be totally exempt of errors,
and mutations occur during the process of
replication; the Earth is continuously sub-
mitted to the flow of cosmic radiation, nat-
ural radioactivity, and reactive chemical
species (in particular reactive oxygen spe-
cies, when oxygen, now almost ubiquitous,
isavailable) and this modifies the chemical
nature of DNA, also leading to mutations.
In short, genomes must evolve, they have
no way out. Diversity is, therefore, the rule.
However, it is interesting to explore wheth-
er there are underlying principles that
compound diversity. For example, sex is
ubiquitous, and it is generally admitted
that this is caused by a need to escape Mull-
er’s ratchet [63]. Are there, nevertheless,
further universals that obey strong selec-
tive principles, those described above
aside?

Selective Principles

What are the selective principles that
tend to organize a genome? Let us start
with one of the major constraints, often
overlooked, that of metabolism. The first
pressure exerted on genes and genomes is
of a physicochemical nature. Temperature
changes, for example, are impossible to es-
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cape (except for homeotherms that solved
the problem at least in part). Temperature-
dependent maintenance of the compo-
nents of the cells is, therefore, ubiquitous.
Associated with that is diffusion of gasses.
In this respect, the contamination of the at-
mosphere by dioxygen must have played a
major role in species distribution and evo-
lution. Because of its sensitivity to electron
transfers, sulfur metabolism is a case in
point,and it is indeed organized in islands
in bacterial genomes [64]. Because water
is the basic medium for life, an increase in
water entropy is a major driving force for
folding structures and making planar
structure important for compartmental-
ization [5,28]. A genome is not an abstract
entity. It is made of building blocks that re-
quire both specific features of the environ-
ment and genes. The corresponding me-
tabolism has important consequences in
terms of DNA and protein sequences [65,
66]. It will be interesting in particular to
consider further the importance of meta-
bolic cost in the evolution of proteins. Oth-
er selective principles operate at the level
of gene expression [67] or gene essential-
ity [27, 43]. Finally, it is most likely that
proteins are rarely isolated entities in the
cell: they are rather grouped into complex-
es [48]. This is obviously reflected in the
existence of operons that code for proteins
that often are interacting in complexes.
The extreme crowding of the cytoplasm
makes that compartmentalization is es-
sential, including for small molecules [68].
All these features result in the creation of a
‘style’ specific for each organism [5, 69].

Orphan Genes

Another ubiquitous feature reflects the
self of the organism. A remarkable obser-
vation stems from the multiplication of ge-
nome sequences now available. As new ge-
nomes are sequenced, the number of genes
that do not have a counterpart in another
genome does not really go to zero. In fact,
itappears that some 10% or so of the genes
of any genome do not look like anything
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known. These orphan genes are not only
not similar to other genes, but they do not
have a clear function, since their inactiva-
tion does not yield a recognizable pheno-
type. While some of these genes are clearly
of phage descent - they are clustered to-
gether with some genes with similarities to
known phage proteins [70] - most cannot
be formally linked to phages. Another sug-
gestion has been that these genes are pseu-
dogenes,resulting froma pastlateral trans-
fer,and in the course of disappearing [71].
Gene expression profiling, however, dem-
onstrates that many are expressed and
vary as a function of environmental condi-
tions. What could be the function of these
genes? A tentative suggestion came from
the study of obligatory parasites: because
the traces of horizontal transfer were ab-
sent, authors concluded that ancestral
genes of orphan genes were present in the
last common ancestor of gammaproteo-
bacteria, and lost afterward in many lin-
eages [72]. This sounds unlikely, in view
of the fact that such genes - at least until
now - have not been associated with phe-
notypes. It is more likely that cells can sys-
tematically create new genes, and that
these genes are in fact optimizing existing
functions. We should indeed remember
that life is also a competition between in-
dividuals,and that stability is the most im-
portant trait selected during evolution:
those organisms that are slightly more sta-
ble will have better chances to survive, and
this conclusion, of course, also applies to
protein complexes.

Tentative Conclusions

Bacterial genomes are diverse. However,
there are rules governing this diversity. In
the prokaryotic world the first dichotomy
is between Archaea and Bacteria, and this
separation results in a very limited possi-
bility for gene exchange between both
kingdoms. However, after this major diver-
sity (reflected in distinct styles for differ-
ent organisms) has been taken into ac-
count, rules of organization begin to
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emerge. Despite extreme differences in the
way in which DNA is handled in bacteria,
the way in which genes are distributed in
the chromosomeis far from random. Genes
are grouped into operons, metabolic or
pathogenicity islands, and these reflect the
need to compartmentalize protein com-
plexes inside the cell. Exploring phyloge-
nies will benefit from better understand-
ing the selective constraints that may link
genome organization and the cell’s archi-
tecture. The Hox gene complexes in multi-
cellular Eukarya [73-75] are an intriguing
observation that must be transposed to the
cell’s organization.
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