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Abstract

What is the minimum number of genes or functions necessary to support cellular life? The concept
of a ‘minimal genome’ has become popular, but is it a useful concept, and if so, what might a minimal
genome encode! We argue that the concept may be useful, even though the goal of defining a

general minimal genome may never be attained.

Attempts to define life have touched nearly every scientific
discipline and have been a long-standing subject in philoso-
phy. Even when limited to the realm of biology, the defini-
tions of life fall short of universal agreement and remain a
widely debated subject. The practice of reductionism,
whereby life is considered solely from the perspective of the
genetic material, also generates controversy and complica-
tions. Many of these complications have been appreciated
recently as a result of the large-scale application of whole-
genome sequencing to microbes. The specific issue we
discuss here is an attempt to define the minimum number of
genes or functions necessary to support cellular life. The
appeal of this subject lies largely in the fact that it represents
a fundamental question in biology.

We have approached the concept of a ‘minimal genome’ in a
manner not unlike that taken by physicists interested in
understanding the nature of the universe: we have relied on
an underlying assumption or guiding force that states that a
simple set of rules must exist. The difficulty lies in finding
the proper way to strip away the outer layers of complexity
in order to uncover what is truly general and therefore sat-
isfactorily describes all things. It is our belief that some set
of basic parameters and principles are common to all cellu-
lar life on this planet. On the surface, especially in the age of
genomics, it would appear that we will indeed be able to
draw inferences and define commonalities. The advent of
whole-genome shotgun sequencing [1] has changed biology

in ways that we will not fully appreciate for many years to
come. Advances in functional genomics, structural
genomics and computational biology have also contributed
greatly to our ability to make ‘sense’ of the huge quantities
of DNA sequence data being generated. As we begin to
apply these methodologies to the question of the minimal
genome, we are faced with new perspectives which empha-
size that, like any good scientific endeavor, the more knowl-
edge we acquire, the less equipped we feel to answer our
original question.

A model organism with a minimal genome?

Over the years, a number of experiments have been under-
taken to approximate the number of essential genes within
various model organisms [2,3]. Most often this was done
through the generation of a set of mutations that were subse-
quently classified with respect to lethality. Through extrapo-
lation, one derives an estimate of the number of genes or the
amount of DNA required to support life. One of the difficul-
ties in these early studies was that the data generated were
analyzed and interpreted in the absence of complete
genomic sequence, and therefore without our current aware-
ness of the relatively large amount of potential functional
redundancy in most microbial genomes examined to date.
Paralogs arise through gene duplication events, not by verti-
cal descent. In some cases, paralogous gene families within a
genome are represented by simple gene pairs, whereas other
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families have many individual members with varied chromo-
somal arrangements. It is assumed that maintenance of
most paralogous genes in a microbial genome is due to the
increased adaptive potential the organism derives from their
presence. But the existence of paralogous genes in genomes
greatly hampers the interpretation of genome-scale mutage-
nesis experiments. On the basis of sequence analysis alone,
we are not currently able to distinguish whether two or more
members of a paralogous gene family have identical or non-
redundant functions. This ambiguity forces investigators to
take care to discriminate between dispensable genes and dis-
pensable functions.

Mycoplasmas have been viewed as minimal organisms for
many years [4]. This perception was initially based on their
extreme fastidiousness: growth of these microbes in the lab-
oratory requires the addition of many extracts and complex
nutrient sources. The validity of the minimalist viewpoint
would have to await advances in DNA technology, such as
pulsed-field gel electrophoresis (PFGE). Among the
mycoplasmas, the one that appears to have the smallest
genome is Mycoplasma genitalium. Initial estimates, based
on PFGE of chromosomal restriction fragments, indicated
that the M. genitalium genome was approximately 600 kilo-
bases (kb) in size [5]. This result was quite startling and was
sufficient to attract the collective attention of Clyde Hutchi-
son and one of us (S.N.P.) at The University of North Car-
olina, Chapel Hill, and Craig Venter and the other of us
(C.M.F.) at The Institute for Genomic Research. In both
instances, our instincts were to sequence the genomic DNA
of this curious microbe, to satisfy an urge to know what
genes are present within its freakishly small genome [6].
Ultimately, this curiosity provided the motivation for deter-
mining the complete sequence of the 580 kb M. genitalium
genome [7]; it encodes a mere 480 proteins. The completion
of the M. genitalium sequence was followed by the determi-
nation of the complete sequence of M. genitalium’s closest
relative, M. pneumoniae, just one year later [8]. The
M. pneumoniae genome has approximately 685 identified
open reading frames (ORFs). With the recent report of the
Ureaplasma urealyticum genomic sequence [9], and the
expected completion of three other mycoplasma species in
the next year or two, the mycoplasmas have become a rich
resource for comparative genomics. The high density
of sequences from the mycoplasma lineage will provide
great potential for understanding the reductive evolution
of genomes.

The evolution of Mycoplasma genomes is thought to have
occurred through a series of DNA deletions from larger
Gram-positive ancestors. The fact that mycoplasmas are pre-
dominantly found in association with humans, plants or
animals suggests that their diminutive genome size is a direct
reflection of their parasitic lifestyle. Given our current level of
sampling of microbes, the smallest genomes among free-
living organisms appear to be those of pathogens. It is not

known precisely what selective pressures generate minimal
genomes, but it is conceivable that an organism begins the
process through the acquisition of new functions that enable
it to parasitize a host cell. This newly acquired ability has a
dramatic impact on the selective value of many genes present
in the genome. Under relaxed selection, gene loss may
become prevalent. This is demonstrated most clearly in the
genomes of M. genitalium and M. pneumoniae. The numer-
ous genes required to synthesize all 20 amino acids, and to
synthesize cell wall components, as well as genes encoding
enzymes of the citric acid cycle and the majority of all other
biosynthetic genes have been lost in these two organisms,
presumably because they have evolved in such a way as to
acquire these products from their host in vivo.

Can the minimal genome be defined?

Ultimately, a definition of a minimal set of genes required to
sustain cellular life requires an agreed-upon definition of
what is living and what is not. Gene loss in M. genitalium
has come at some expense in terms of fitness in the labora-
tory setting. (M. genitalium is able to grow in culture in a
cell-free environment and therefore meets the definition of
free-living.) This is evident in terms of doubling time when
comparing M. pneumoniae (680 ORFs) to M. genitalium
(480 ORFs). The doubling time of wild-type M. pneumoniae
in culture is approximately 6 hours compared to about
12 hours for M. genitalium. Experiments currently being
performed in our laboratory aimed at introducing a saturat-
ing number of mutations into the M. genitalium chromo-
some indicate that the fitness of the cultures is gradually
reduced upon successive rounds of mutagenesis (unpub-
lished observations). It is anticipated that at some point the
ability to maintain active cultures will become severely chal-
lenged. In many ways it seems plausible, if not likely, that
the fitness reductions observed through loss of gene function
could be compensated for through changes in the growth
media (provided by an omniscient microbial physiologist).
This point emphasizes the intimate relationship of environ-
ment and a minimal genome definition, and the difficulty of
ever defining a minimal genome.

A minimal genome is, in reality, only a theoretical construc-
tion. It is not something one could find in nature. A minimal
cell would require an ‘ideal’ environment, free of any selective
pressure. It may be instructive to consider all genomes as
being comprised of two types of genes. The first set includes
those that confer the core set of functions required for basic
cellular processes. By definition, these genes would be essen-
tial in any conceivable environment. For example, it may be
safely assumed that all cells require an ability to replicate
their DNA, produce message through some basic transcrip-
tion machinery and translate that message to produce
protein. In addition, all cells will have some requirements for
energy production and transport of raw materials across the
cell membrane and maintenance of cellular homeostasis.



It is well established that some features of a genome are
selectively neutral and others maladaptive. If we ignore
these cases, the remaining genes in any genome are presum-
ably those that confer a specific selective advantage to an
organism within the environmental niche it occupies. These
functions may be dedicated to immune-response avoidance,
expanded metabolic and biosynthetic potential, or stress-
management skills, to name a few. It is assumed that the
number of core functions required by any cell is relatively
similar. We know that eubacterial genomes range in size
from less than 0.6 Mb to greater than 9 Mb [10]. The
number of accessory or adaptive proteins maintained in
various genomes is therefore highly variable and in fact indi-
cates a lot about the environment and selective pressures
each organism faces. According to current evolutionary
thinking, the environmental niche occupied by a microbe
affects the set of genes retained in its genome. This idea
gives rise to the possibility that one day we will be able to
derive information about the microenvironment that an
organism lives in through an examination of its gene com-
plement. Likewise, the specific environment also determines
whether a gene is essential or dispensable. This statement is
true in nature and also in the laboratory. It is meaningless to
refer to a gene as being essential or dispensable without an
accompanying statement that defines the environment or
growth conditions in which the categorization was made. For
all of these reasons, discussion of minimal genomes often
becomes a matter of semantics and definitions.

How does a minimal genome arise?

Genome evolution does not occur with any preconceived
internal logic. Microbial genomes are no longer seen as static
entities evolving through the accumulation of point muta-
tions and infrequent chromosomal rearrangements. Gene
acquisition and gene loss may be far more prevalent in
microbes than was previously appreciated. Gene acquisition
may allow a microbe to occupy a new environmental niche.
Once resident in this new environment, the selective value of
each gene in the genome is necessarily redefined and may
allow the loss of previously useful genes. Gene loss is much
more likely to be a one-way street in the course of genome
evolution. Despite the presumed prevalence of horizontal
gene transfer in nature, the number and types of functions
that have evolved in the history of cellular life is far greater
than the number of functions ‘sampled’ by any single organ-
ism. Mycoplasmas have dispensed with many metabolic
functions and have retained very few genes required for
transcription, repair and recombination, for example.

The loss of any given gene from a genome may limit the
number and types of losses that are tolerated in the future:
gene loss has consequences for the future evolution of the
remaining genes in the genome. For example, it is known
that the repertoire of transporters in mycoplasmas is fewer
than in most microbes [11]. It has been speculated that the
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reduction of transporters has been compensated for by a
broadened substrate specificity of the retained transporters
[12]. It is also possible that M. genitalium and M. pneumo-
niae have been able to shed many of the genes involved in
transcriptional regulation by shifting the burden of regula-
tion toward translational processes ([13] and S.N.P., unpub-
lished observations). An examination of the genes present in
the M. genitalium genome can fool one into thinking that
the organism has found the minimal solutions for basic cel-
lular needs. This is of course very unlikely to be true for
every pathway and every functional category within the cell.
It is anticipated that future genome-sequencing efforts and
functional characterization of genes will identify novel and
more economical solutions for various cellular functions
compared to those present in the genome of M. genitalium.
On the basis of these arguments, it is evident that an experi-
mentally defined minimal genome is lineage-specific, stating
little, if anything, about what a minimal gene set might be
for another phylogenetic lineage.

The theoretical minimal genome

A theoretical approach has been taken towards defining a
minimal gene set [14]. This study derived a minimal genome
by comparing what at the time were the only two fully
sequenced microbial genomes (Haemophilus influenzae and
M. genitalium). An all-against-all whole-genome compari-
son was performed in order to identify genes held in
common by both organisms. The reasoning behind this com-
parison was simple but powerful and starts with a straight-
forward assumption: genes conserved across large
phylogenetic distances are likely to be essential. Thus, if one
compares two genomes that have diverged from a common
ancestor a very long time ago (1,500 million years ago in this
example), the genes in common will be highly enriched for
those that carry out the most basic cellular functions
common to all organisms. The application of this idea
resulted in the definition of a minimal gene set consisting of
about 250 genes. While the starting assumptions of this
analysis appear reasonable, the two organisms in question
are both human parasites and so may have too much in
common, with regard to environmental selective pressures
since the time of divergence, to be representative of genomes
as a whole. It was the speculation of at least these authors
[14] that the results would also be improved if one were to
repeat the analysis at a later time when more microbial
genomes could be sampled, representing a more diverse
phylogeny (see below for further discussion of this issue).

Soon after the report of the M. pneumoniae genome
sequence, a comparison of the M. pneumoniae and M. geni-
talium genomes was performed [15]. This analysis revealed
some interesting features of the two genomes and their
respective evolution. A comparison of amino-acid sequences
among orthologs in M. pneumoniae and M. genitalium
reveals an average of 65% identity, suggesting a much larger
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distance between the two genomes than was previously
thought. The M. genitalium genome is essentially a proper
subset of the M. pneumoniae genome. Approximately six
major chromosomal rearrangements together with many
tens of chromosomal deletions account for the large-scale
differences between the two genomes. These facts also
support the idea that there is substantial evolutionary dis-
tance between the two genomes. The overall conservation of
gene order (synteny) is remarkably high over very large dis-
tances in many cases, however; this observation is consistent
with the notion that the two species are very close relatives.

An attempt to explain this apparent dichotomy - divergence
of individual sequences but close relationship of gene order -
has been provided by the possibility that mycoplasmas have a
significantly increased mutation rate relative to most bacter-
ial species [16]; this is presumably due to the loss of several
DNA-mismatch repair systems and mutator loci [17]. Virtu-
ally every gene in the M. genitalium genome has an ortholog
in the M. pneumoniae genome. Given that these genomes
were formed through reductive evolution from ancestors with
larger genomes, it may be reasonable to assume that some, if
not most, of the differences between the two genomes reflect
gene loss in M. genitalium that occurred after divergence
from their common ancestor. It is therefore notable, if not
downright bizarre, that the net gene loss that has taken place
in these genomes - after speciation - is unidirectional. This is
counter to expectations. Given that the two organisms reside
in different host sites (the lung versus the urogenital tract),
and are presumably under different selective pressures, one
would expect gene loss to have occurred differentially in the
two genomes: some genes, lost from M. genitalium, would be
present in M. pneumoniae, and vice versa. Perhaps the asym-
metry of gene loss indicates that the environments these two
human parasites occupy are substantially different. It is
thought that both are extracellular pathogens. It is conceiv-
able that M. genitalium has adapted to a new environment
with a much reduced selective pressure compared to
M. pneumoniae. One way to explain the gene-content differ-
ences of these genomes is to speculate that M. genitalium has
acquired the status of an intracellular pathogen. Direct exper-
iments may be warranted to examine this possibility.

The recent report of a third complete mycoplasma genome
sequence, that of U. urealyticum (0.75 Mb) [9], has allowed
further comparative genomics of minimalism. The unusual
genomic relationship of M. genitalium and M. pneumoniae
does not apply to the 613-ORF genome of U. urealyticum. In
this case, the findings are more as expected: unequal gene
loss has occurred between U. urealyticum and the other two
mycoplasma genomes. Phylogenetically, U. urealyticum is
more distantly related to M. genitalium and M. pneumoniae
than the latter two are to each other. A comparison of the
more distantly related genomes has allowed greater insights
into mycoplasma evolution to be made. Only 324 genes are
shared between U. urealyticum and M. genitalium; and

M. genitalium has some genes (74) that are absent from
U. urealyticum. On the surface, it might be tempting to
assume that these 74 genes are dispensable in
M. genitalium. But as the authors point out [9], 10 of these
74 encode functions involved in energy production, in this
case glycolysis. Since U. urealyticum has evolved a unique
means of generating ATP from urea hydrolysis, there has
been a wholesale substitution of glycolytic genes for this
system. Another notable feature of the U. urealyticum
genome sequence is the apparent lack of the chaperone pro-
teins GroES and GroEL, as well as the cytokinesis protein
ftsZ. Tt is unclear whether these functions are truly absent
from this mycoplasma, or alternatively whether the func-
tions are being carried out by proteins with sequences unlike
previously annotated proteins of the same function.

Irrespective of which possibility is more likely, this finding
emphasizes a strong predisposition held by almost all molecu-
lar biologists, namely to define expectations on the basis of
what is clear and evident in the most well-studied model
microorganisms, Escherichia coli, Bacillus subtilis and Sac-
charomyces cerevisiae. The wealth of knowledge that these
model systems have brought to our understanding of cellular
mechanisms and general principles is undisputed. Perhaps
for the first time, since the advances in genome sequencing we
are perceiving that although these models are very useful,
they are not in every case representative. This statement
should not be thought of as blasphemous, but rather as an
obvious point, considering the large number of specialized
functions that have evolved in microbes. Whole-genome
analysis and gene annotation is intimately linked to those pre-
cious few genes for which actual functional experiments have
been conducted in the laboratory. It is still true that most
functional assignments that have a foundation in laboratory
experiments are limited to the great model systems.

An experimental approach

Our experimental approach for defining a minimal genome
identified, on a rather large-scale, transposon-insertion
events in M. genitalium and M. pneumoniae that, due to
their location on the chromosome and presence in viable
cells, are likely to have disrupted the activity of a gene func-
tion that could be considered dispensable to the cell [18].
Despite the technical difficulties associated with working
with these organisms, and the lack of genetic and reverse-
genetic tools, the fact that natural selection had already been
working on them in a natural ‘minimal genome project’ for
millions of years made them a very attractive model system.
It is fair to say that before initiating this study we probably
did not have a strong set of expectations as to the number of
genes that would be dispensable in M. genitalium. It would
not have been completely surprising if the genome of
M. genitalium harbored only a few dispensable functions or
several dozen. The fact that we were approaching a question
for which little insight or predictive power was available



made all the more important the use of good control experi-
ments: we needed to gain confidence that the transposon
insertions were capable of reliably identifying dispensable
genes. We made use of the fact that the M. genitalium
genome is a proper subset of the M. pneumoniae genome as
a rationale for the assumption that the additional 210 genes
present in M. pneumoniae should be dispensable in the lab-
oratory setting. We considered the M. genitalium genome as
containing two types of genes, essential and dispensable,
whereas the M. pneumoniae genome contains three types of
genes: shared (in M. genitalium and M. pneumoniae) essen-
tial genes, shared dispensable genes and dispensable
pneumoniae-specific genes. We predicted that the propor-
tion of recovered gene-disruption events should be greater
in the pneumoniae-specific portion of the genome than in
the shared portion of the genome. We did in fact recover
approximately six times the frequency of insertions from the
pneumoniae-specific portion of the M. pneumoniae genome
[18]. Altogether, we identified 129 genes present in M. geni-
talium that were apparently dispensable. We used statistical
analyses based on the Poisson distribution and extrapola-
tion of our data set to estimate that between 180 and 215
dispensable genes exist in the M. genitalium genome.

This somewhat startling result raises several interesting ques-
tions. How are we to interpret the findings? It is important to
mention first that an examination of the M. genitalium
genome reveals a lack of any recently evolved paralogous gene
families. Unfortunately, as stated before, it is not possible to
be certain whether existing genes with paralogous relation-
ships within the M. genitalium genome carry out identical
functions. The accuracy of the assumption that there are no
redundant functions in the M. genitalium genome determines
the certainty with which we are able to interpret our disrup-
tion data. The natural next question to ask is whether the
catalog of dispensable functions identified in ‘a one gene at a
time’ study could be tolerated in combination, and if so, to
what extent? As mentioned before, we have initiated a satura-
tion mutagenesis of the M. genitalium genome. While muta-
genesis is still ongoing, it appears unlikely that any cell in the
population will be recovered harboring more than 100 func-
tionally null genes (S.N.P., unpublished observations). There
are two reasonable explanations for this apparent discrepancy
between the ‘gene by gene’ approach and the combinatorial
approach. First, some genes in the M. genitalium genome do
carry out redundant or partially redundant functions, so while
single-gene disruptions are tolerated, the combination of two
disruptions is not. The second, and probably more important,
explanation is that dispensable genes, especially in M. genital-
tum, are not likely to be lost without some discrete reduction
in the overall fitness level of the organism. In this regard, it
may be appropriate to consider dispensable genes to be associ-
ated with a quantifiable fitness contribution to the cell in any
given environment. If one considers the combination of genes
in the wild-type M. genitalium genome as providing a global
fitness value above some minimal threshold for survival, then
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ultimately the minimal genome will be obtained by sequential
disruption of genes that individually contribute the least to the
fitness of the cell. Viewed in this manner, it seems that
minimal genomes are more an interesting mathematical
problem or, worse yet, a matter for an accountant’s spread-
sheet, than an issue that can be defined experimentally. We
would argue that it is perhaps more important to attempt to
grasp the quantitative selective value that any gene con-
tributes to the fitness of the organism than to attempt to
define a minimal gene set.

What do the transposon results tell us about the overall archi-
tecture of gene functions in a genome? It is assumed that the
activity of individual enzymes within the cell has an impact
on other pathways and processes, giving rise to a view that
the cell is an intricate sensing system that is responding not
only to the outside environment but also to its own actions.
This ability to modulate is especially important to bacteria,
where waste is not considered a virtue. But the fact that we
were able to disrupt so many gene functions in a minimal cell
suggests something subtle about the nature of gene functions
within genomes: it suggests that there is in fact a lack of inter-
connectivity among gene functions. It appears that pathways
evolve which in many cases show interdependency, and epis-
tasis is a well-defined genetic idea that speaks directly to the
functional interdependency of genes. But among dispensable
functions, our ability to recover a living organism bearing dis-
ruptions of nearly one-third of its gene complement lends
support to the view that interdependency beyond epistatic
relationships may be uncommon.

If we examine gene disruption data in terms of the functional
roles of the genes in the cell, we are able to gain some addi-
tional insights about minimal genomes. The group of genes
for which we recovered by far the largest number of disrup-
tive insertions is the group of unknown function (Figure 1).
This is in contrast to the number of insertions tolerated in
genes involved in translation, for example. The functional
group for which the highest proportion of putative disrup-
tions were identified was the genes encoding cell-envelope
proteins. A precise interpretation of this result is not possible
without extensive experimentation, but it may serve to high-
light the previously mentioned idea that the definition of the
dispensability of a gene is dependent on the environment. It
is conceivable that the group of cell-envelope proteins plays a
significant role in the context of a host infection but is of rela-
tively little value to the cell in laboratory growth media. By
examining the data shown in Figure 1, we can see that not all
functional roles in M. genitalium are equally dispensable;
some functional systems are closer to minimal than others.
One can obtain a visual sense of the functional distribution of
genes in a minimal cell by examining the relative proportions
of genes in each functional group; it is interesting that nearly
two-thirds of the cell is dedicated to the translation of
message into protein and genes for which we do not yet know
the function or cellular role.
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The genes of Mycoplasma genitalium categorized according to function and whether or not they were disrupted by transposon

mutagenesis.

The fact that an estimated one third of the essential set of
genes in this minimal genome are of undefined function is
an important result that has at least two potential interpre-
tations. First, it draws dramatically into question a basic
assumption held by many biologists that the fundamental
mechanisms and functions underlying cellular life have for
the most part been identified and well characterized. If
approximately 100 genes in the simplest functioning cell are
of unknown function and are essential to basic cellular
processes, this assumption becomes quite dubious. An
alternative perspective is that many of the 100 genes of
unknown function in the minimal gene set encode well-
characterized functions in E. coli, but are simply not recog-
nizable as orthologs in M. genitalium. It is likely that both
explanations are at least partly valid, but the conclusion
remains the same: we have much work to do before we can

claim to have a clear understanding of even the simplest cell
and its functions.

Comparing many more genomes

Since the time of the work on the comparison of the
H. influenzae and M. genitalium genomes [14], many new
microbial genomes have been sequenced, representing many
lineages of eubacteria, archaebacteria and eukaryotes. In
theory, this additional data set should allow the comparative
approach to more precisely define a minimal gene set.
Recently, 21 completed genomes were compared, this time
employing the more sensitive gene-comparison tool Clusters
of Orthologous Groups of proteins (COGs) to find orthologs
common to all genomes [19]. COGs are defined by a grouping
of at least three proteins from distantly related organisms that



are more similar to each other than to any other gene in their
respective genomes [20]. In this way, COGs define orthology
groups and ancestral relationships. The added sensitivity
derived from the COGs analysis arises because COGs are not
dependent on BLAST cutoff scores and arbitrary sequence-
relatedness criteria; genes with relatively unimpressive
sequence identity can be placed into an orthology group.
Some interesting facts arose from this analysis [19]. First, 55-
83% of proteins encoded by bacterial and archaeal genomes
can be placed into discrete COGs, suggesting that many genes
present in bacteria and archaea are highly conserved. Very
few genes appear to be universally, or nearly universally, con-
served in all 21 organisms analyzed, however, and it was this
criterion that was used in the original analysis for defining the
essential gene set of a cell [14]. In this expanded study [19],
only 80 genes were universally conserved across all organ-
isms. Clearly, this number of genes is insufficient to serve as a
satisfactory answer to the question ‘what is the minimal
number of functions required for cellular life?’

Was there something wrong with the starting set of assump-
tions made in the comparative approach? Among the possi-
ble interpretations of this troubling result, one is that there
is something fundamentally faulty about COGs analysis,
which is unlikely. A second possibility is that many genes
and functions arose a very long time ago. These ‘ancient’
genes would therefore have diverged to such a great extent
that they are unrecognizable by any sequence-relatedness
algorithms. A third, and extremely interesting, possibility is
that many gene functions have evolved independently more
than once since the beginning of cellular life on the planet.
The term that has been used to describe this occurrence is
non-orthologous gene displacements (NODs) [21]. There is
scattered evidence for this idea for various genes found in
nature, but the COGs analysis with 21 genomes places a
potential magnitude on the phenomenon. The implications
of this idea, if correct, are significant but beyond the scope of
this article.

Despite the arguments put forward here to highlight the com-
plications and potential inappropriateness associated with
attempts to define minimal genomes, it is clearly instructive
to try. The analogy we would make is with the knowledge we
gain from sequencing microbial genomes. We learn a lot by
sequencing each one, but far more by comparing the similari-
ties and differences of many genomes. Similarly, we have
learned much about genome evolution and the gene functions
required for cellular existence - and hopefully will continue to
do so - and anticipate a future ability to compare the results
of similar experiments from models other than ‘the minimal
genome’. The discussion here highlights the importance of
generating functional data for genes in organisms from
diverse lineages. Gene diversity in the microbial world is truly
a resource. It is unlikely that we will exploit this resource effi-
ciently until many more microbial model organisms are
developed and studied at a similar level to E. coli or yeast. We

http://genomebiology.com/2001/2/2/comment/2002.7

are forging ahead in genomics at unprecedented speed, with
too few frames of reference, and there is a risk of becoming
lost in a sea of sequence data without a functional framework,
unless we ensure that functional analysis does not lag too far
behind. We believe that the concept of the minimal genome is
a useful tool in attempting to organize our thoughts about
gene function - even though we may never, in practice, be
able to reach a definition of a minimal gene set that is
applicable to all types of organism.
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