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Attempts to calibrate bacterial evolution have relied on the as-
sumption that rates of molecular sequence divergence in bacteria
are similar to those of higher eukaryotes, or to those of the few
bacterial taxa for which ancestors can be reliably dated from
ecological or geological evidence. Despite similarities in the sub-
stitution rates estimated for some lineages, comparisons of the
relative rates of evolution at different classes of nucleotide sites
indicate no basis for their universal application to all bacteria.
However, there is evidence that bacteria have a constant genome-
wide mutation rate on an evolutionary time scale but that this rate
differs dramatically from the rate estimated by experimental
methods.

Rates of molecular evolution in higher eukaryotes can be
resolved through comparisons of homologous molecules in

species for which divergence times have been inferred from fossil
and geologic evidence. But without a robust fossil record, how
is it possible to establish the age of bacterial species and to
calibrate their rates of sequence divergence over an evolutionary
time scale? In lieu of direct fossil evidence, divergence times for
bacteria have been obtained by three approaches.

Age Inferred by Association with Ecological Events. By linking the
appearance of several bacterial lineages to large-scale events
that occurred at known times in the geologic past, Ochman and
Wilson (1, 2) constructed a time scale for bacterial evolution.
Applying these dates, they calculated the absolute rates of 5S
rRNA and 16S rRNA divergence; these were fairly uniform
across bacterial species and similar to those observed for the
homologous molecules in eukaryotes. Based on an estimated
rate of 16S rRNA divergence of nearly 1% per 50 million years,
they calculated that Escherichia coli and Salmonella enterica sv.
Typhimurium (hereafter referred to as S. enterica)—the most
closely related pair of bacterial species for which appreciable
genetic information was available at the time—shared a com-
mon ancestor between 120 million and 160 million years ago.
Comparisons of homologous protein-coding regions from E.
coli and S. enterica indicated an average rate of sequence
divergence at synonymous sites of 0.90% per million years.
(Note that divergence between lineages is twice the substitu-
tion rate, and that this yields a substitution rate for E. coli and
S. enterica of 0.45% per million years.) Ochman and Wilson (2)
could not establish the synonymous substitution rates for
bacterial taxa other than E. coli and S. enterica because of
insufficient availability of protein-coding sequences for other
pairs of closely related bacterial species.

Age Inferred from Host Fossil Record. The unique association
between bacterial endosymbionts and their insect hosts allowed
Moran et al. (3) to estimate the dates of divergence for members
of the genus Buchnera in the Proteobacteria. Buchnera live within
specialized cells of aphids and are essential to the growth and
reproduction of their hosts, which inherit the endosymbionts
cytoplasmically. The complete concordance between the molec-
ular phylogenies of the bacteria and their hosts indicates that
strict vertical transmission has been maintained for over 100
million years and implies synchronous radiation and cospecia-
tion of bacterial and aphid lineages during this time. Calibrating
the 16S rRNA evolution of Buchnera with the fossil-based dates
of divergence of their aphid hosts, Moran et al. (3) arrived at a

rate of 16S rRNA divergence of 1–2% per 50 million years in
these bacteria. However, evolutionary rates are accelerated in
endosymbionts, presumably because their small population sizes
promote the fixation of slightly deleterious mutations through
drift (4, 5). As a result, 16S rRNA evolves nearly twice as fast in
Buchnera as in free-living relatives based both on calibrated rates
and on relative rate tests. Drift also produces an elevated
substitution rate at nonsynonymous sites, which are under
stronger selective constraints than are synonymous sites. Based
on divergence dates derived from fossils, synonymous substitu-
tion rates for Buchnera are not more than twice the rates for E.
coliyS. enterica, resulting in a ratio of synonymous to nonsyn-
onymous substitutions in Buchnera that is much lower than that
observed in E. coliyS. enterica.

Age Inferred from Eukaryotic Molecular Clocks. Assuming that
universally distributed molecules evolve at similar rates in all
life forms, it is possible to reconstruct a temporal scale for
bacterial evolution by extrapolating from rates calculated for
organisms having reliable fossil records (e.g., vertebrate lin-
eages). This method has been used for nearly 30 years to
calibrate bacterial evolution (6–8); and in a recent application,
Doolittle et al. (9) examined the amino acid sequences of 57
enzymes to obtain divergence times for lineages within and
among the major kingdoms. Sequences for eight enzymes were
available both for enteric bacteria (E. coli and S. enterica) and
for various mammals, and sequence identities were similar for
pairwise comparisons between the two enterics and between
orders of mammals, averaging 94% and 95%, respectively. If
one assumes that the split between E. coli and S. enterica
coincided with the interordinal diversification of mammals
approximately 100 million years ago, this similarity implies
approximately equal substitution rates for amino acids in
enterics and mammals.

However, in E. coliyS. enterica, synonymous substitutions were
about 20 times more frequent than nonsynonymous substitu-
tions, in contrast to a 5-fold difference in mammalian genes. The
relative rarity of nonsynonymous substitutions in enteric bacteria
is presumably because of their large population sizes, preventing
fixation of slightly deleterious mutations by genetic drift. What-
ever the cause, the 4-fold difference in the ratio of synonymous
to nonsynonymous substitutions in enteric bacteria and in mam-
mals implies that rate conservation across taxa cannot be true for
both protein (i.e., nonsynonymous site) evolution, as presumed
by Doolittle et al. (9) and Feng et al. (10), and also for
synonymous site evolution, as computed by Ochman and Wilson
(1, 2).

The factors that determine substitution rate, including popu-
lation size, generation time, and mutation rate per generation,
are known to differ between bacteria and animals. Thus, any
similarities in the substitution rates of such divergent organisms
would arise only when these factors happen to balance each other
out. Although some genes and proteins evolve at fairly constant
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rates across animal taxa, there is no theoretical basis for assum-
ing that either synonymous sites or nonsynonymous sites would
manifest the same substitution rates in bacteria and eukaryotes,
or even that all bacteria lineages would evolve at similar rates.
For example, the smaller population sizes of mammals will
accelerate substitution rates for slightly deleterious mutations,
possibly counterbalancing the effects of their longer generation
times, but the rate of evolution at neutral sites will be indepen-
dent of population size and would be expected to differ across
taxa. Indeed, many examples of rates differences among lineages
have been reported (11–16).

In certain situations, e.g., where there is complete concor-
dance between the molecular phylogenies of endosymbionts
and their hosts, it has been possible to determine the relative
rates of evolution for homologous genes of animals and
bacteria. For corresponding pairs of aphids and their endo-
symbionts, which diverged synchronously, synonymous site
divergences are approximately the same for symbiont and host
mitochondrial genes, whereas divergences of the homologous
regions of ribosomal RNA are, on average, 30-fold higher in
the bacteria than in host nuclear genes (17–19). Thus, both
theoretical and empirical evidence casts serious doubt on the
validity of assuming universal rates of sequence evolution
among bacterial groups and other organisms. Nonetheless, a
more circumspect application of molecular clocks remains the
most promising approach for reconstructing the timing of
bacterial evolution.

On the positive side, some results do suggest that certain
categories of sequence evolution are clock-like. First, under the
first two procedures above, which depend on calibrating rates
using aspects of bacterial ecology, the rates of sequence evolu-
tion are equivalent. Buchnera lineages and E. coliyS. enterica
display rather similar rates of divergence for synonymous sites
and for 16S rRNA (3–5, 19), suggesting that the absolute rates
for some sequences might be approximately constant among
bacterial lineages.

In addition, the proposal of Drake et al. (20–22), that DNA-
based microbes (including bacteria, viruses and phage) show a
constant mutation rate per genome per generation, would imply
general constraints governing rates of neutral site evolution. If
true, this rule could be used to calibrate absolute rates at
synonymous sites by factoring out genome size and generation
time of the organism being considered. However, for both
synonymous site changes per year and genome changes per
generation to be constant among bacterial lineages, the approx-
imately 20-fold variation in bacterial genome size must be
balanced exactly by variation in generation time, with bacteria
possessing small genomes showing correspondingly slower rep-
lication rates. By comparing the relative rates of evolution at
different classes of nucleotide sites, the present study reveals that
the rates and patterns of substitutions vary widely among
bacterial taxa. However, there is evidence that bacteria have a
constant genome-wide mutation rate on an evolutionary time
scale, but that this rate is not compatible with the genome-wide
mutation rate estimated by Drake et al. (20–22) from laboratory
studies.

Materials and Methods
To examine relative evolutionary rates over different classes of
sites (synonymous, nonsynonymous, and 16S rRNA), we com-
pared homologous sequences from species sufficiently closely
related that they are not in saturation for any class of sites.
Bacterial species differing by more than 5% in their 16S rRNA
sequences are typically at or near saturation at synonymous
sites of protein coding regions. After limiting the dataset to
include only those pairs of species with 16S rRNAs that were
more than more 95% identical, all available coding regions for
each pair were extracted from GenBank. In the event that

homologous genes were assigned different names in the sister
species, homology initially was established through BLAST
similarity searches of all of the coding regions for each species.
The resulting pairs of sequences, tentatively assigned as ho-
mologs, were aligned by using SEQUENCHER 3.0 (Gene Codes,
Ann Arbor, MI) and their coding frames were assigned with
MACCLADE 3.01 (23). Only those pairs of species having five or
more sequenced homologs of more than 100 aa in length were
considered for subsequent analysis. The phylogenetic relation-
ships of the taxa included in this study are presented in Fig. 1.
(Most of the completely sequenced bacterial genomes cur-
rently available in the databases are too distantly related to one
another, and to other bacteria for which coding sequences are
available, to be useful for this study.) Sequence divergence at
synonymous (Ks) and nonsynonymous (Ka) sites were calcu-
lated with DIVERGE (GCG), which uses the method of Li (24).
Estimates of Ks and Ka for Buchnera spp. (5, 17) and E. coliyS.
enterica (25, 26) were obtained from the literature, and values
for Mycoplasma spp. (27) were supplied by A. R. Kerr (Marine
Biological Laboratories, Woods Hole, MA). For genes where
there is no adaptive codon usage bias, substitutions at synon-
ymous sites are neutral, or nearly so, and, hence, ref lect the
actual rate of spontaneous mutation. The degree of codon
usage bias is variable across bacterial taxa; for example, in
Buchnera, there is effectively no codon usage bias inf luencing
synonymous site evolution, so this factor does not affect the
calculation of mutation rates in this genus (5, 28). At the other
extreme, the average divergence at synonymous sites for the E.
coliyS. enterica comparisons is depressed because many genes
are subject to purifying selection on codon use (29–31). In E.
coli, genes with low codon adaptation indices (#0.3) probably
can be considered to have Ks values that approximate the
mutation rate, and the average Ks for a set of low biased genes
is only 10% higher than the overall average Ks value applied
in the present study.

For species pairs whose Ks and Ka values are not available from
the literature, the following genes (and their corresponding
accession numbers) were used in our analysis: Aeromonas hy-
drophila, exeCDE (X66504), oriC (X89469), pilC (U20255)
tapABCD (U20255); Aeromonas salmonicida, exeCDE (X80505),
oriC (U65741), pilC (U95640), tapAB (AF059248), tapC
(AF059249), tapD (AF059250); Bacillus amyloliquefaciens, alka-
line protease (E03694), neutral protease (K02497), penP (Z35653),
ribBGH (X95955), thyA (AF004104); Bacillus subtilis, alkaline
protease (E00328), neutral protease (E04119), penP (Z35652),
ribBGH (X51510), thyA (AF004102); Borrelia afzelii, bmpA
(X97241), bmpB (X81519), nlpH (Y08410), fla (X75202), hbb
(U48676), ospA (U78301), recA (X87726); Borrelia burgdorferi,
bmpB (X81517), ospA (U96253), fla (U96239), hbb (U48683),
ospA (U96253); Borrelia garinii, bmpA (X97243), nlpH (Y08413),
ospA (X80252), recA (X87727); Mycobacterium leprae, ctaE
(Al022602), cysE (Z98741), eno (recovered by BLAST), folP
(AL023093), lipB (Z98741), qcrC (AL022602), sucB (Z98741);
Mycobacterium tuberculosis, ctaE (Z70283), cysE (Z83860), eno
(Z92539), folP (Z95557), lipB (Z70283), qcrC (Z70283), sucB
(Z70283); Neisseria gonorrhoeae, adk (I36471), argF (M34930),
aroE (L47159), penA (X59632), por (U17025); Neisseria polysac-
charea, adk (U57708), argF (X64870), aroE (U82844), penA
(X59626), por (Y09309); Pseudomonas aeruginosa, catA
(AF047025), catechol (D83057), cheZ (D373810), himD
(L35258), himA (L35259), pahABC (D84146), pyrB (L19649),
recA (X05691), rpoS (D26134), rpoA (D90118); Pseudomonas
putida, catA (U63511), catechol (D77856), cheZ (AF031898),
himD (U5690), himA (U5690), pahABC (M23914), pyrB
(M97253), recA (L12684), rpoS (X91654), rpoA (D30045);
Rhodobacter capsulatus, bchC (M29966), ccoO (X80134), dorC
(U49506), hupL (X13529), rpoH (AF017436), cbbI (U87282);
Rhodobacter sphaeroides, bchC (X68795), ccoO (U58092), dorC
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(AF016236), hupL (L37194), rpoH (U82397), cbbI (J02922);
Thermus aquaticus, aspC (AF025665), taqI (M74796), msoD
(D84646), fum (D84646), mutS (U33117), recA (I20095), leuB
(D10700); Thermus thermophilus, aspC (D38459), taqI
(M74795), msoD (AB010884), fum (AB010884), mutS (D63810),
recA (D17392), leuB (AB017135). In the case of Heliocobacter
pylori, we selected 50 genes at random from the complete
genomic sequences of strains J99 (AE001439) and 26695
(AE000511); and for recA comparisons, we also included the
recA homologues from the following pairs of species: E. coli

(X55552) and S. enterica (recovered by BLAST), Bifidobacterium
animalis (U50266) and B. breve (U50268), B. adolescentitus
(U50265) and B. longum (U50270), Paracoccus denitrificans
(U59631) and Rhodobacter capsulatus (X82183), Neisseria elon-
gata (AJ223877) and N. flavescens (U57907), Neisseria animalis
(U57910) and N. cinera (U57906), Streptococcus pyogenes
(U21934) and S. mutans (M61897).

Results and Discussion
Time-Independent Comparisons of Evolutionary Rates in Bacteria.
What is the potential for using molecular sequences to infer a
time scale for bacteria evolution? Even though there are very few
external reference points (such as those available for Buchnera
and their aphid hosts) for calculating the substitution rates in
bacteria, we can address the question by determining whether
bacteria as a whole are internally consistent with respect to their
relative rates of evolution at different classes of sites. For
example, are ratios of synonymous and 16S rRNA divergence
constant, and do homologous sequences display the same ratios
of synonymous to nonsynonymous changes, across pairs of
related taxa? If 16S rRNA and synonymous sites can serve as
alternative molecular clocks in bacteria, as presumed by various
authors, then the relative divergence for these two categories of
sites should be fairly constant for different pairs of species. Such
comparisons can be made even when divergence dates are
unavailable or uncertain and can illuminate the usefulness of
calibrating substitution rates as a way of reconstructing the
timing of bacterial evolution.

Relative rates of synonymous site and 16S rRNA divergence. Our
studies of enteric bacteria and Buchnera species yielded ratios of
synonymous site (Ks) to 16S rRNA (K16S) divergence of approx-
imately 25:1, and other species pairs (Rhodobacter, Mycobacte-
rium) manifest similar ratios of substitutions at these sites (Fig.
2A). In contrast, Bacillus spp. and Mycoplasma spp. display
substantially higher relative numbers of synonymous substitu-
tions; and, in fact, in comparisons of all homologous protein
coding regions from the Mycoplasma pneumoniae and M. geni-
talium genomes, synonymous sites are well into saturation de-
spite only 1.8% divergence in their small subunit rRNAs (27). On
the other hand, the relative rate of synonymous site and 16S
rRNA evolution in the Borrelia, Thermus, Pseudomonas, and
Mycobacterium comparisons are about half of that computed for
the E. coliyS. enterica comparison, with the lowest KsyK16S ratio
estimated for strains of H. pylori.

There is no systematic explanation for the differences among
organisms in their relative rates of evolution at these two classes
of sites. The variation among species in the base composition of
16S rRNAs is very narrow (ranging from 45% GC for the 16S
rRNA of Mycoplasma to 55% GC for the 16S rRNA of Thermus)
relative to that at synonymous sites (ranging from 10% GC for
synonymous sites in Mycoplasma to 90% GC in Thermus).
Therefore, the observed Ks to K16S ratios of organisms with
extreme base compositions could be depressed because of the
fact that divergence at synonymous sites in these genomes are
underestimated whereas their 16S rRNAs evolve at some uni-
versal rate (see subsequent section for calibration of 16S rRNA).
However, genomic base composition is not the major source of
the observed variation in evolutionary rates among taxa: species
pairs having low GC contents can display very high (Mycoplas-
ma), moderate (Bacillus, Buchnera), or very low (Borrelia, Hel-
icobacter) Ks to K16S ratios. Similarly, there is no obvious
relationship between codon biases, bacterial ecology (i.e., free-
living, host associated, or intracellular), species phylogenetic
position, or gene sample and Ks to K16S ratios. The very low
KsyK16S value observed in Helicobacter pylori could result from
usually high levels of gene exchange among strains (32), which
could either reduce the relative amount of neutral variation or
homogenize 16S rRNA within the species, or from an increase

Fig. 1. Phylogenetic tree of bacterial taxa used in this study based on 16S
rRNA sequences. Only terminal branch lengths are proportional to sequence
divergence. Colors indicate chromosomal G1C content as follows: green,
,45% G1C; red, 45–55% G1C; blue, .55% G1C.
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in occurrence of slightly deleterious mutations within popula-
tions.

Relative rates of synonymous and nonsynonymous site diver-
gence. Based on comparisons of homologous genes from E. coli
and Salmonella, nonsynonymous substitutions were found to
accumulate about four times more slowly in enteric bacteria than
in mammals (1, 2). A possible basis for this difference is the
relatively large effective population sizes of bacteria, which
should slow the fixation of slightly deleterious mutations through
genetic drift. The low KsyKa ratio of Buchnera genes has been
explained as the result of small effective population size in
endosymbiotic bacteria (4), with the implication that the E.
coliyS. enterica ratios are more typical for bacteria. However, as
presented in Fig. 2B, the average KsyKa ratio for the E. coliyS.
enterica comparison is clearly atypically high. Although KsyKa

ratios are influenced by effective population sizes, which have

not been estimated for most bacterial species, the population
sizes of E. coli are probably no larger than that of other
free-living species (such as Bacillus) displaying low KsyKa values.

Because the functional constraints at nonsynonymous sites
vary among genes, the observed variation in KsyKa ratios could
result from different loci being compared for the different
species pairs. In addition, some genes show pronounced codon
bias in certain taxa but not in others, and because codon bias
reduces Ks values, this factor can dramatically affect KsyKa ratios.
For example, the universally distributed gene recA is under
strong codon usage bias in both E. coli and S. enterica (codon
adaptation index 5 0.6). The KsyKa ratio of the recA homologs
for the E. coliyS. enterica comparison is about 4:1, which is lower
than the KsyKa ratio for recA for any of the other pairs of species
considered and sharply contrasts the situation for the pooled sets
of genes. Thus, the choice of locus can affect KsyKa ratios
differentially across taxa, and one cause of such effects is the
strength of codon bias, which varies among lineages. Full explo-
ration of the constancy of evolutionary rates at different classes
of sites requires nucleotide sequences for several sets of homol-
ogous genes common to all taxa, and, currently, such data do not
exist.

Estimating the Actual Rate of Molecular Evolution in Bacteria. Over
the past few years, sequence information has become available
for several bacterial endosymbionts whose divergence times can
be inferred from the fossil records of their insect hosts (3, 33–36).
Although these calculations are limited to bacterial endosymbi-
onts, and to small subunit ribosomal RNAs (aside from Buch-
nera, only limited information is available on the protein coding
sequences for other species pairs), the rates of 16S sequence
divergence in these bacteria are fairly similar to those reported
for Buchnera and E. coliyS. enterica (Fig. 3). Because KsyK16S
ratios vary widely among taxa (Fig. 2 A), the relative constancy
in the overall rate of 16S rRNA sequence divergence implies that
synonymous substitution rates are highly variable across bacte-
rial species. Therefore, the rates of synonymous site evolution

Fig. 2. Relative extent of sequence divergence among pairs of bacterial
species. Only pairs of species that differ by less than 5% in 16S rRNA sequences
and for which sequence information is available for at least five homologous
genes are included. Colors correspond to chromosomal G1C contents as in Fig.
1. (A) Divergence at synonymous sites (Ks) vs. divergence at 16S rRNA (K16S). (B)
Divergence at synonymous (Ks) vs. nonsynonymous (Ka) sites.

Fig. 3. Rates of 16S rRNA sequence divergence in bacterial endosymbionts of
insects. Divergence times are estimated from fossil evidence of insect hosts
and were obtained from the literature (3, 33–36). Shaded area denotes a rate
of 16S rRNA divergence of 1–2% per 50 million years. Insect and bacterial taxa
are follows (hostysymbiont): aphids (Schizaphis graminumyBuchnera aphidi-
cola, Schlechtendalia chinesisyBuchnera aphidicola); cockroach-termite (Blat-
taria germanicaysymbiont, Mastotermes darwiniensisysymbiont); cockroach
(Blattaria germanicaysymbiont, Periplaneta americanaysymbiont); whitefly
(Trialeurodes vaporariorumyP-endosymbiont, Siphoninus phillyreaeyP-
endosymbiont); tsetse fly (Glossinia brevipalisyWigglesworthia glossinidia,
Glossinia morsitansyWigglesworthia glossinidia).
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determined for E. coliyS. enterica and Buchnera spp. cannot be
extrapolated to other bacteria. The application of these rates
could lead to estimates of divergence times that are off by an
order of magnitude.

A Universal Genomic Mutation Rate? Because synonymous sites are
under little or no selective constraint, synonymous substitution
rates should reflect the rate of mutation. Based on mutation
frequencies measured by experimental methods in a few taxa,
Drake et al. (20–22) have proposed that the genomic mutation
rate is approximately constant across DNA-based microbes. This
observation might be in accord with the observation of variation
in synonymous substitution rates among bacteria because mi-
crobes with smaller genomes (or shorter generation times) would
need to have proportionately lower numbers of mutations to
yield the same genome-wide rate. The only bacterial species
considered by Drake et al. (20–22) was E. coli, for which
estimates of mutation rates were determined by scoring the
inactivation or reversion of phenotypic markers.

Are the mutation rates based on sequence comparisons in
agreement with those determined from laboratory studies? E.
coli and S. enterica diverge at a synonymous substitution rate
of 0.90% per million years (25, 26), which corresponds to a
within lineage rate of 0.0045 mutations per site per million
years. Natural populations of E. coli have an estimated 100–
300 generations per year (37–39), implying a rate of about
0.0001 to 0.0002 mutations per genome per generation (Table
1). Drake et al.’s estimate (20–22), based on laboratory-
derived mutation rates, was 0.003 mutations per genome, more
than an order of magnitude higher. Similar calculations for
Buchnera, whose generation times can be estimated from the

number of replications within the host insect and the number
of host generations per year (19, 40–42), result in 0.0001 to
0.0002 mutations per genome per generation, a rate identical
to that estimated for E. coli. [Note that E. coli would need to
replicate fewer than 10 times per year, and Buchnera fewer
than twice per year to attain the genomic mutation rate
computed by Drake et al. (20–22).] Hence, the genomic
mutation rate may well be constant across bacterial species on
an evolutionary time scale, but it is not compatible with the
rate based on laboratory studies.

Two factors could contribute to the disparity between the
laboratory-derived genomic mutation rate and those obtained
from sequence comparisons. The first is that nucleotide site
divergences must be estimated correctly. This could become a
problem when homologous genes are in, or near, saturation, or
when base composition is extreme, but even in such cases, the
estimated divergences are not more than 50% different from the
actual values. The next obstacle is adaptive codon usage bias,
which could yield substitution rates at synonymous sites that are
lower than the actual rate of mutation, because of purifying
selection at these sites. As discussed previously, the effects of
codon bias probably has caused us to underestimate the synon-
ymous substitution rate by 10% in E. coli. Cumulatively, the
effects of multiple hit corrections and codon usage bias could
potentially increase the estimated mutation rate by, at most,
2-fold, which is not sufficient to account for the 30-fold differ-
ence between our results and those of Drake et al. (20, 22). It is
more likely that measurements of mutation rates based on
laboratory culture are elevated and do not reflect the actual,
long-term rate of mutation.

The correspondence of genomic mutation rate values for
Buchnera and enterics is remarkable in view of their differences
in genome size and generation time. The possibility of a constant
genomic mutation rate should be further evaluated in other
bacterial taxa. The implications of such a pattern, if true, extend
well beyond its application to calibrating bacterial evolution.

To further explore the rates and patterns of molecular evo-
lution in bacteria, it will be necessary to examine the sequences
of conserved genes among pairs of closely related bacterial
species. Data of this sort are clearly lacking, and the availability
of complete genomic sequences has only begun to help us resolve
these issues. In the next few years, complete sequences of a large
number of bacterial genomes will become available, thus creat-
ing unprecedented potential for reconstructing the evolutionary
history of prokaryotes.
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