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Abstract. The concept of a minimal cell is discussed from the viewpoint of comparative genomics.
Analysis of published DNA content values determined for 641 different archaeal and bacterial species
by pulsed field gel electrophoresis has lead to a more precise definition of the genome size ranges of
free-living and host-associated organisms. DNA content is not an indicator of phylogenetic position.
However, the smallest genomes in our sample do not have a random distribution in rRNA-based
evolutionary trees, and are found mostly in (a) the basal branches of the tree where thermophiles are
located; and (b) in late clades, such as those of Gram positive bacteria. While the smallest-known
genome size for an endosymbiont is only 450 kb, no free-living prokaryote has been described to
have genomes <1450 kb. Estimates of the size of minimal gene complement can provide important
insights in the primary biological functions required for a sustainable, reproducing cell nowadays
and throughout evolutionary times, but definitions of the minimum cell is dependent on specific
environments.
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1. Introduction

Definition of the properties of a minimal cell is a notoriously complex question
which is related not only to the understanding of the essential properties of a living
system, but is also germane to the issue of the origin of life and early stages of
cellular evolution. Several different, complementary approaches to this problem
are already feasible or may be available in the near future, including the develop-
ment of experimental systems based on populations of replicating polymers such
as RNA molecules (Joyce, 2002), the in vitro synthesis of artificial cells which can
metabolize, multiply and adapt (Szostak et al., 2001; Pohorille and Deamer, 2002),
the empirical characterization of intracellular endosymbionts and obligate parasites
with highly streamlined genomes (Morowitz, 1967; Morowitz and Wallace, 1973;
Mira et al., 2001; Gil et al., 2002), the trimming of extant prokaryotic genomes
by knock-out experiments and transposon mutagenesis (Itaya, 1995; Hutchinson et
al., 1999), and the recently advertised attempt to design a novel form of life with a
completely artificial genome (Marshall, 2002).
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The characteristics of a minimal cell may be inferred from the existence of
the basic components required for reproduction and self-maintenance under given
environmental conditions (Luisi et al., 2002). From the viewpoint of comparative
genomics, the characterization of a minimal cell is equivalent to the identification
of the minimum number of genes required by an unicellular organism. Such estim-
ates can provide important insights in the primary biological functions required for
a sustainable, reproducing cell nowadays and throughout evolutionary times. How-
ever, the definition of minimal genome is determined to a considerable extent by the
specific environment in which the presumed minimal cell is found (Space Science
Board/National Research Council, 1999; Riley and Serres, 2000). Free-living, uni-
cellular organisms may exist with genomes smaller than the 1.45 Mb lower-limit
exhibited by extant prokaryotes (see below), but all the available evidence suggests
that nowadays reduced, highly-streamlined genomes like those of Buchnera and
the mycoplasma are viable only under the permissive, nutrient-rich, stable intracel-
lular environment of their hosts (Mira et al., 2001; Gil et al., 2002). However, the
situation must have been different during the earliest stages of biological evolution,
when it is assumed that simpler, free-living cells with genomes even smaller than
those of Buchnera and Mycoplasma genitalium must have proliferated.

A minimal gene set can be estimated by the presence or absence of ho-
mologous genes based on whole-genome computational sequence comparisons
(Mushegian and Koonin, 1996) and, similarly, by the determination of the set of
sequences shared among fully sequenced proteomes, i.e., the universal protein
families (Kyrpides et al., 1999; Hutchinson et al., 1999). Significant variations
may exist between the lenghts of prokaryotic genes (Tekaia et al., 2002). However,
on a first approximation bacterial genes may be considered of similar size and
tightly packed, i.e., the number of prokaryotic genes is proportional to genome
size (Casjens, 1998). Hence, additional insights on the minimal amount of DNA
required by extant cells may also be achieved by a statistical analysis of proka-
ryotic genome sizes (Herdman, 1985; Casjens, 1998; Shimkest, 1998). Previous
attempts to analyze the distribution of bacterial DNA content were based on a
sample of 603 prokaryotic genome sizes derived by different methodologies, such
as renaturation kinetics and colorimetric techniques (Herdman, 1985), which have
very different degrees of accuracy. With the development of pulse-field gel electro-
phoresis (PFGE), a technique that allows the separation and analysis of large DNA
fragments and the direct study of the physical structure of genomes, however, the
accuracy in the determination of genome sizes has been significantly improved.
Here we report the results of an analysis of a database of 641 prokaryote genome
sizes determined by PFGE that we have compiled from the published literature,
and discuss its significance in providing insights in a minimal cellular genome.
The approach developed here is very similar to that reported by Shimkets (1998),
and may be considered complementary. We also discuss here how the high levels
of genetic redundancy detected in all sequenced genomes can be used to obtain
insights in simpler living systems without the large sets of enzymes and the soph-
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isticated regulatory abilities of contemporary organisms, that are hypothesized to
have existed prior to the divergence of the three major domains, which lacked.

2. Material and Methods

A genome size database has been constructed with the 641 prokaryotic DNA
content values determined by PFGE reported in publications included in the
NCBI/PubMed database (http://www.ncbi.nlm.nih.gov/PubMed/) as of November
2002. The organisms in this database have been divided into four major groups:
(i) free-living Archaea and Bacteria (including pathogens and symbionts that re-
main separate and have free-living stages); (ii) thermophilic prokaryotes (optimal
growth temperature >45 ◦C); (iii) obligate parasites; and (iv) endosymbionts, ex-
cluding mitochondria and chloroplasts. The information was completed with the
phylogenetic position (not shown) and lifestyle of each organism, based both on the
original reports and on data from the Bergey’s Manual of Bacterial Determination
(Holt et al., 1994). The database is periodically updated and is available upon re-
quest. We have estimated the levels of genetic redundancy in the smallest genomes
of endosymbionts and obligate parasites using the database of levels of paralogy
(Total Proteins Hits) available from the Institute for Genomic Research (TIGR,
http://www.tigr.org). To be considered redundant, all the ORFs in a given genome,
whether annotated or not, were compared using BLAST and had to exhibit at least
60% sequence similarity (P < 0.0001). The result of this comparison is shown
in Table II, where the sizes of some of the smallest known cellular genomes are
indicated in kb, together with the number of ORFs, the number of redundants found
in each genome, and the corresponding percentage per genome.

3. Results

The genome size distribution in our database is shown in Figure 1. The values
of DNA content of free-living prokaryotes can vary over a tenfold range, from
Halomonas halmophila, a moderately halophilic gamma proteobacteria endowed
with a small 1450 kb genome (Mellado et al., 1998), to the 9700 kb genome of
Azospirillium lipoferum Sp59b (Martin-Didonet et al., 2000). The widest range of
genome sizes is exhibited by the proteobacteria, from the 450 kb Buchnera gen-
ome, to the largest ones in the sample, which correspond to aerobic organisms with
complex life cycles which can include formation of spores and mycelia. There are
no reports of archaeal genomes as large as those of Azospirillum and Stigmatella,
perhaps due to incomplete sampling. All the archaeal genomes in our sample are
small and fall within the 500 to 5100 kb range. These size ranges correspond in
fact to those of thermophilic bacterial and archaeal genomes, were the lower and
upper limits appear to correspond to extreme cases, i.e., the 500 kb chromosome of
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the thermophilic ectosymbiont Nanoarchaeon equitans (Hubert et al., 2002), and
the 5100 kb of the facultative thermophilic Methanosarcina acetivorans (Sowers
et al., 1988).

Classification of endosymbionts as a group by themselves shows that although
their genome size distribution overlaps with that of obligate parasites (Figure 1),
their DNA content can reach values significantly smaller that those of the smallest
parasites, i.e., the mycoplasma. The smallest-known cellular genome is only 450 kb
and corresponds to the obligate endosymbiont proteobacterium Buchnera spp. (Gil
et al., 2002), significantly smaller than the lower limit of 580 kb of the Molli-
cutes, which corresponds to the obligate parasite Mycoplasma genitalium (Fraser
et al., 1995). Other groups with reduced genome sizes are the rickettsia and several
spirochaete. The DNA content values of other obligate parasites and organisms
with stringent growth conditions, which we have grouped with the mycoplasma,
however, can reach values as large as the 5016 kb of Mycobacterium intracellulare
(Kim et al., 1996).

4. Discussion

The data summarized in Figure 1 is clearly biased and does not reflect in an accur-
ate way the actual levels of prokaryotic diversity. Because of their significance in
medical and economical significance in human, animal, and crop plant life, patho-
gens and parasites are clearly overrepresented in our sample. Moreover, the overlap
in the 2000 to 3000 kb region in Figure 1 of several of the categories used here to
group the species in our sample shows that prokaryotes with similar genome sizes
but different lifestyles can have very different complement of genes.

In spite of these limitations, the data summarized in Figure 1 provides useful
insights into the evolution of prokaryotic DNA content and the size of a min-
imal cellular gene set. Considerable variations in DNA content may exist even
within closely related bacterial species and strains (Bergthorsson and Ochman,
1995; Casjens, 1998), but as shown by the genomes of genera like Helicobacter
and Streptomyces, this is not always the case (Shimkets, 1998). The size range of
bacterial genome sizes are clearly less constrained than that of the archeal chro-
mosomes. Our results also demonstrate the unsurpassed genome plasticity of the
proteobacterial clade. While some members of the group like the myxobacteria
have undergone major expansion of their encoding abilities adapting to oxygen-
rich environments and developing complex life cycles, others like Buchnera have
followed an opposite direction and lost considerable amounts of DNA as they
adapted to an intracellular environment (Gil et al., 2002).

The thermophilic bacterial and archaeal genomes tend to be relatively small,
with the lowest limit represented by the 500 kb chromosome of the thermophilic
ectosymbiont Nanoarchaeon equitans (Huber et al., 2002). The 5100 kb genome
of the facultative thermophilic Methanosarcina acetivorans is probably atypical.
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However, the size range of thermophilic genomes does not necessarily reflect a
correlation between DNA content, heat-loving microbial lifestyles and antiquity,
since a wide variety of mesophilic bacterial groups, including leptospira, green-
sulfur bacteria, cyanobacteria, spirochaetes, fusobacteria, and actinobacteria, can
also exhibit small-sized genomes.

The smallest, highly-streamlined genomes in our sample do not have a ran-
dom phylogenetic distribution. The phylogenetic mapping of genome sizes on
the 16/18S rRNA tree (not shown) demonstrates that the reduction of prokaryotic
genome size has occurred independently multiple times in separate lineages, and
persists as an end-state character with the organisms deriving essential nutri-
ents from a host. Although endosymbionts and intracellular parasites have many
features in common, including massive gene losses as they adapted into the
nutrient-rich environment provided by their hosts, grouping them into two different
categories allows some insights into the differences that exist between these two
lifestyles (Figure 1). For instance, it is likely that the larger size of intracellular
parasite genomes, as compared to those of endosymbionts, is due to the presence
of genetically encoded specifically related to parasitic lifestyles, such as sequences
involved in host-parasite recognition and infection mechanisms.

Figure 1 provides no support for the hypothesis that the size distribution of
extant prokaryotic chromosomes is the outcome of a series of whole genome du-
plications that begun with an ancestral 800 kb minigenome as suggested by Wallace
and Morowitz (1973) and Herdman (1985). Since there are no known free-living
prokaryotes with genomes smaller than the 1450 kb, 1500 kb, and 1530 kb of
Halomonas halmophila (Mellado et al., 1998), Aquifex pyrophilus (Shao et al.,
1994) and Fervidobacterium islandicum, respectively, the extrapolation of a normal
distribution curve beyond this cut-off value does not seem justified. However, as
argued by Shimkets (1998) on the basis of a smaller sample of 141 chromosomes
of prokaryotes grouped as generalists and specialists, the minimum genome size for
a living organism is approximately 600 kb, a figure that fits nicely with the small
genomes of Mycoplasma genitalium and the different Buchnera species (Fraser et
al., 1995; Gil et al., 2002). The independent, massive gene losses that these two
types of bacteria have undergone suggest that their limited encoding capacities
are feasible only because of their adaptation to the highly permissive intracellular
environments provided by their hosts.

5. How Small Can Viable Cells Be?

One of the earliest attempts to describe both in functional and evolutionary terms
the minimal set of characteristics that a cell must fulfill to be considered alive was
undertaken by Morowitz (1967). Based on the enzymatic components of primary
metabolism whose presence he assumed was required for DNA-based cell repro-
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duction, Morowitz estimated the size of a minimal cell that turned out to be about
one-tenth smaller than mycoplasma.

As reviewed elsewhere (Luisi et al., 2002), the defining characteristics of a min-
imal cell now and throughout the past has been discussed by Varela et al. (1974),
Woese (1983), Oro and Lazcano (1984), Dyson (1985), Jay and Gilbert (1987),
Morowitz (1992), Walde et al. (1994), Oberholzer et al. (1995), Ganti (1997),
and Szostak et al. (2001). Perhaps not surprisingly, the rapid pace at which more
and more completely sequenced cellular genomes become available has shifted
the emphasis towards deducing the minimum number of protein-encoding genes
required for cellular life outside a host cell and under laboratory conditions.

Following the publication of the complete genomes of Haemophilus influ-
enza and M. genitalium, Mushegian and Koonin (1996) published the results of
a detailed comparison of these two species in conjuction with the fragmentary
data from other organisms then available. Once parasite-specific sequences were
discarded, the final outcome was an inventory of 256 genes that according to
Mushegian and Koonin resembles not only the genetic complement of the ancestor
of the Gram-negative and Gram-positive lineages to which H. influenza and M.
genitalium, respectively, belong, but also the amount of DNA required to sustain a
modern type minimal cell under permissible conditions. Since most of the 256 se-
quences shared by these two organisms have eukaryotic and/or archaeal homologs,
Mushegian and Koonin also discussed how this figure could be reduced to describe
the genome of the last common ancestor of the Bacteria, Archaea and Eukarya,
and suggested that their results could provide insights into the earliest stages of
biological evolution.

As underlined by Koonin (2000), the estimated 256 minimal gene set com-
plement derived from the comparison of the H. influenzae and M. genitalium
genomes is quite similar to the values of viable minimal genome sizes inferred by
site-directed gene disruptions in B. subtilis (Itaya, 1995) and transposon-mediated
mutagenesis knock-outs in M. genitalium and M. pneumoniae (Hutchinson et al.,
1999). These figures are also consistent with the estimate that the universal fam-
ily of proteins shared among fully sequenced cellular genomes comprises 324
sequences (Kyrpides et al., 1999) and, as summarized in Table I, with the sizes
of the Buchnera genomes (Gil et al., 2002), and the 551 kb vestigial nucleus or
nucleomorph found in cryptomonads, and which is the outcome of a secondary
endosymbiotic event in which a protist engulfed an already existing unicellular
eukaryotic alga which was then reduced to a secondary plastid (Douglas et al.,
2001).

However, considerable caution is required to avoid an overinterpretation of
these different estimates. Although the backtrack methodology proposed by
Mushegian and Koonin (1996) is quite straightforward, their estimates do not con-
sider proteins that perform the same function but have different sequences (Riley
and Serres, 2000), either because they have diverged beyond recognition or because
they are in fact analogous. Equally important, they failed to consider polyphyletic
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TABLE I

Some miniature cellular genomes

Species Genome Lifestyle Reference

size (kb)

Mycoplasma genitalium 580 obligate parasite Fraser et al., 1995

Buchnera spp. 450 endosymbiont Gil et al., 2002

crytomonad nucleomorph 551 secondary endosymbiont Douglas et al., 2001

gene losses which have been involved in the size reduction of the M. genitalium
and H. influenzae genomes, and which led to the loss of purine- and pyrimidine
nucleotide biosynthetic pathways, among others (Becerra et al., 1997).

As the number of fully sequenced genomes has increased, their comparison
has led to smaller sets of minimum gene complements, which are now reduced
to approximately 80 orthologous sequences common to all life forms (Koonin,
2000). Quite surprisingly, some of the most likely a priori candidates for strict
universality, such as those sequences involved in DNA replication, have also turned
out to be not only poorly preserved but also, in some cases, of polyphyletic origin
(Edgell and Doolittle, 1997; Olsen and Woese, 1996; Böhlke et al., 2002). If the
term ‘universal distribution’ is restricted to its most obvious sense, i.e., that of traits
found in all completely sequenced genomes now available, then quite unexpectedly
the resulting repertoire is formed by relatively few features and by incompletely
represented biochemical processes (Tatusov et al., 1997; Tekaia et al., 1999; Brown
et al., 2001; Delaye et al., 2002). As argued elsewhere (Islas et al., submitted), such
inventories include sequences that originated in different epochs, including some
which may have arisen in the RNA/protein world (Tekaia et al., 1999; Delaye and
Lazcano, 2000; Lazcano, 2001; Anantharaman et al., 2002). Hence, the figures re-
ported by Mushegian and Koonin (1996) and Koonin (2000) represent, at the best,
lower limits of the actual size of minimal gene-encoded functions required by a
cell living under highly permissive environmental conditions. Thus, such estimates
do not provide accurate models for the properties of ancestral Archean genomes.

6. The Search for a Minimal Cell: Beyond Genetic and Functional
Redundancy

Recognition that the biochemical complexity of extant organisms is the outcome
of process of biological evolution that started perhaps 4 × 109 years ago can
lead to some inferences on smaller ancestral cells endowed with less complex
genome replication apparatus and simpler gene expression mechanisms. In spite
of the structural and functional similarities between the template-directed en-
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zymatic synthesis of RNA and DNA, double-stranded DNA cellular genomes
replicate via a large, complex array of molecular components in which proof-
reading DNA polymerases play a central role. However, a number of experimental
results and sequence comparisons suggest that replication of a DNA genome can
be achieved with a simplified set of catalysts (Delaye et al., 2002). For instance,
the RNA-primer formation is catalyzed in mitochondria not by a primase but by
the organellar DNA-dependent monomeric RNA polymerase (Frick and Richard-
son, 2001). This suggests that a smaller set of less-specific polymerases could be
functional and, in fact, may have existed during the early stages of cell evolution.
Thus, a working model of a simpler DNA-cell may be envisioned in which a single
ancestral polymerase, whose evolutionary vestiges appear to be present in the cata-
lytic palm domain of the DNA pol I and its homologs such as the T7 phage RNA
polymerase (Delaye et al., 2001), could play multiple roles as a DNA polymerase,
a transcriptase and a primase.

Similar arguments can be advocated for a simplified version of protein synthesis
requiring less components. For instance, the fact that RNA molecules are capable
of perfoming by themselves all the reactions involved in peptide-bond formation
suggests that protein biosynthesis evolved in an RNA world (Zhang and Cech,
1998), i.e., that the first ribosome lacked proteins and was formed only by RNA.
This possibility is supported by the crystallographic data that has shown that ribo-
some catalytic site where peptide bond formation takes place is composed solely
of RNA (Nissen et al., 2000).

Additional clues to the genetic organization of primitive forms of translation
involving less components are provided by paralogous genes, which are sequences
that diverge not through speciation but after a duplication event. Such genetic re-
dundancies are a common feature of all known cellular genomes, including those
of the smallest described lifeforms (Table II). Accordingly, the presence in all
known cells of pairs of homologous genes encoding two elongation factors, which
are GTP-dependent enzymes that assist in protein biosynthesis, provide evidence
of the existence of a more primitive, less-regulated version of protein synthesis
took place with only one elongation factor. In fact, the experimental evidence of in
vitro translation systems with modified cationic concentrations lacking both elong-
ation factors and other proteinic components (Gavrilova et al., 1976; Spirin, 1986)
strongly supports the possibility of an older ancestral protein synthesis apparatus
prior to the emergence of elongation factors.

7. Concluding Remarks

The properties of a minimal cell can be approached in two different but comple-
mentary directions. One possibility involves the laboratory synthesis of encap-
sulated cell-like systems which may eventually metabolize, multiply and adapt
(Szostak et al., 2001). An alternative approach involves the study of extant min-
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TABLE II

Genetic redundancies in small genomes of endosymbionts and obligate parasites a

Proteome Genome Number of Number of % of redundancy

sizes ORFs redundant

(kb) sequences

Mycoplasma genitalium 580 480 52 10.83

Mycoplasma pneumoniae 816 688 134 19.47

Buchnera sp. APS 640 574 67 11.67

Ureaplasma urealyticum 751 611 105 17.18

Chlamydia trachomatis 1000 895 60 6.71

Chlamydia muridarum 1000 920 60 6.52

Chlamydophila pneumoniae J138 1200 1070 148 13.83

Rickettsia prowazekii 1100 834 49 5.87

Rickettsia conorii 1200 1366 189 13.83

Treponema pallidum 1100 1031 78 7.56

a Genome sizes, complete proteomes, and the number of ORFs were all retrieved from NCBI
http://www.ncbi.nlm.nih.gov.

imal genomes in order to describe cells with decreasing degrees of complexity.
As discussed here, the small values of DNA content found in widely separated
microbial species do not represent a primitive trait, but are in fact the outcome of
polyphyletic sequence losses that have occurred in recent clades. Thus, they are
excellent laboratory models to study the properties of the genetic and metabolic
repertoire of minimal cells, but the information they provide on their evolutionary
predecessors, specially those that may have existed during Archaean times, is rather
limited. Primitive cells were probably endowed not only with less genes, but also
with less complex sequences and simpler mechanisms of gene expression.

As discussed here, an examination of the distribution of DNA content of
Archaea and Bacteria complements other genomic approaches, even if our conclu-
sions are hindered by the nature of the available information. All known organisms
share a core of highly conserved, genetically-encoded features, a significant por-
tion of which corresponds to the translation machinery and is maintained even in
highly streamlined genomes such as those of Table 1. However, our methodology
is hindered by the fact that prokaryotes with similar genome sizes can have very
different complements of genes. Regardless of one’s definition of life, the size and
content of the minimal gene set required for life will be strongly determined by the
environment of the minimum cell itself. The search for minimal living systems un-
der highly permissive conditions should thus be complemented with the search for
free-living prokaryotes with genomes smaller than those of H. halmophila, in order
to understand the minimum gene content for sustaining viability. The existence
of extremely reduced 55S mitochondrial ribosomes in Caenorhadbditis elegans



COMPARATIVE GENOMICS AND THE GENE COMPLEMENT OF A MINIMAL CELL 253

(Mears et al., 2002), as compared to its 70S prokaryotic counterpart, suggest that
other organisms may exist with novel or reduced version of the essential molecular
machinery. Whether such prokaryotes exist or not is not yet known, but the current
cut-off values of genome size distribution curves (Figure 1) suggest that consider-
able attention should be given to the search for similar free-living prokaryotes and
the sequencing of their genomes.

The experimental efforts to define the essential genes required for life under
highly permissive conditions have shown mutant M. genitalium populations with
265 to 350 genes can growth and divide under laboratory conditions (Hutchinson et
al., 1999). Extrapolation of these results to the early evolution of life may help us to
understand some of the essential characteristics, but additional efforts are required
for a proper understanding of the evolutionary transition between putative RNA-
cells and full-flegged DNA/protein cells. Insights into such intermediate stages are
provided by analysis of genetic redundancy (Table II) and by the experimental
evidence reviewed here that has demonstrated that under in vitro conditions protein
synthesis can take place even in the absence of some of its molecular components.
Indeed, the selection and maintenance of laboratory strains in which paralogous
copies of highly conserved genes such as those encoding the two elongation factors
involved in protein synthesis would be substituted by one single, less-specific
catalyst appear to be feasible with the available experimental techniques.
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