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The consequences of genetic drift for bacterial genome
complexity
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Genetic drift, which is particularly effective within small populations, can shape the size and complexity of genomes by
affecting the fixation of deleterious mutations. In Bacteria, assessing the contribution of genetic drift to genome evolution
is problematic because the usual methods, based on intraspecific polymorphisms, can be thwarted by difficulties in
delineating species’ boundaries. The increased availability of sequenced bacterial genomes allows application of an al-
ternative estimator of drift, the genome-wide ratio of replacement to silent substitutions in protein-coding sequences. This
ratio, which reflects the action of purifying selection across the entire genome, shows a strong inverse relationship with
genome size, indicating that drift promotes genome reduction in bacteria.

[Supplemental material is available online at www.genome.org.]

Bacteria are the most ancient, abundant, and genetically diverse

organisms on earth. The current repertoire of fully sequenced

bacterial genomes spans a significant portion of this diversity; for

example, sequenced representatives of 20 bacterial phyla are

available, with genome sizes ranging from 0.16 to over 13 Mb

(Nakabachi et al. 2006; Schneiker et al. 2007). The diversity ob-

served among bacterial genomes results from the interplay among

mutation, natural selection, and genetic drift. Although the effects

of mutation and selection are relatively well understood, the im-

portance of genetic drift in influencing the evolutionary trajectory

of genome complexity has begun to be appreciated only recently

(Lynch and Conery 2003; Charlesworth and Barton 2004; Daubin

and Moran 2004; Lynch and Conery 2004; Lynch 2006; Hershberg

et al. 2007).

Unlike eukaryotes, in which there is wide variation in gene

density and little association between genome size and gene

number or organismal complexity (Gregory 2002; Lynch and

Conery 2003), genome size in bacteria is tightly linked to gene

number (Mira et al. 2001; Giovannoni et al. 2005) (Fig. 1A) (r =

0.98, P < 2.2 3 10�16). Consequently, evolutionary forces that act

on individual genes have profound effects on the overall archi-

tecture of bacterial genomes. Due to the constant onslaught of

new mutations, which are biased toward deletions in bacteria

(Andersson and Andersson 2001; Mira et al. 2001; Nilsson et al.

2005; Hershberg et al. 2007), all genes will undergo inactivation

and loss unless maintained by selection. At the extremes, those

genes that are essential must, by definition, be preserved, whereas

those that offer no beneficial effect will decay over time. However,

most genes lie somewhere between these extremes, and the extent

of genetic drift will govern how many such genes are maintained

(Ochman and Davalos 2006; Khachane et al. 2007).

To elucidate the role of genetic drift in bacterial genome

evolution, we have investigated the relationship between the level

of genetic drift and genome complexity, measured as genome size

and gene density. Such an analysis requires examination of bac-

teria that display a wide range of population structures and ge-

nomic attributes. This has only recently become possible due to

the increased availability of genome sequences that better repre-

sent the ecological and phylogenetic diversity of Bacteria.

In contrast to either genome size or gene density (i.e., the

proportion of a genome that is composed of genes) that can each

be calculated directly from a complete genome sequence, quanti-

fying the level of genetic drift affecting a lineage is less straight-

forward. One commonly used index is based on the level of

polymorphism within a species (Tajima 1983). Although widely

applied to animals and plants, this measure is difficult to apply to

microbes due to uncertainties regarding species boundaries and

other factors (Daubin and Moran 2004; Katz et al. 2006; Snoke

et al. 2006). An alternative index of the degree of genetic drift can

be based on the efficacy of purifying selection in protein-coding

sequences (Yang and Bielawski 2000; Daubin and Moran 2004;

Novichkov et al. 2009). Because point mutations causing amino

acid replacements are often deleterious, the rate of non-

synonymous substitution per site (Ka) is usually much less than

the rate of synonymous substitution per site (Ks) in functional

genes. An increased level of genetic drift, resulting from either

reduced effective population size (Ne), genome-wide relaxation of

selection, or some combination, can result in increased incidence

of slightly deleterious amino acid replacements and an increase in

the genome-wide Ka/Ks ratio. Although Ka can also increase as

a result of positive selection favoring certain amino acid changes,

such positive selection will be focused on particular genes and sites

and is not expected to drive changes throughout the genome

(Novichkov et al. 2009).

Results
We utilized genome-wide Ka/Ks ratios as a proxy for the level of

genetic drift experienced by 42 species-pairs of bacteria repre-

senting varied lifestyles and eight phyla. By limiting our analysis

to pairs consisting of closely related species, we were able to obtain

robust estimates of Ka and Ks. Genome size, which in bacteria is

a close correlate of metabolic capabilities and organismal com-

plexity, exhibits a strong negative correlation with the level of

genetic drift (Fig. 2A) (r = –0.72, P = 6.3 3 10 �8). Although the

overall relationship might appear to rely strongly on the inclusion

of obligate symbionts and pathogens, which almost universally

have small genome sizes and high levels of drift, a significant

negative correlation is also apparent when only free-living bacteria
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are considered (r = –0.86, P = 0.0018; see Supplemental Table 1 for

the 13 species-pairs included in this analysis; one anomalous pair

of free-living cyanobacteria is excluded, see explanation below).

Because each of the species-pairs harbors a unique set of

orthologs that might collectively be subject to different selection

constraints, the average Ka/Ks ratios included in Figure 2 are cal-

culated using only those genes that are shared by at least 30 of the

42 selected pairs to ensure that we compared a similar set of genes

across different taxa. The strong correlation (r = 0.99, P < 2.2 3

10�16; see Supplemental Fig. 1) between the average Ka/Ks ratios

based on broadly distributed genes (average = 322 genes/genome

pair; most of these genes are involved in central cellular processes,

such as replication and translation, and the identity and annota-

tion of these 13,557 genes are listed in Supplemental Table 2) and

those based on the orthologs common to the two genomes in

a pair (average = 1326 genes/genome-pair) confirms that the cri-

teria applied to selecting shared genes do not bias the result.

Moreover, the observed pattern is not attributable to artifacts as-

sociated with variation in pairwise divergence levels: A similar

pattern is observed when we restrict our analysis to genome-pairs

that have low or intermediate levels of divergence (i.e., average

Ks < 0.4 or Ks = 0.4–0.6, see Supplemental Fig. 2).

Although measuring the Ne of any species is difficult (and

perhaps even more so in bacteria), the ecological niches occupied

by an organism often provide some clues to the relative magnitude

of Ne. In this regard, genome-wide Ka/Ks ratio appears to be a reli-

able predictor of the expected Ne. For example, all but one of the

10 species-pairs displaying relatively high levels of genetic drift

(i.e., average Ka/Ks > 0.06) might be expected to have reduced Ne

based on their lifestyles; these include insect endosymbionts

(Wolbachia pipentis), extremophiles (Dehalococcoides ethenogenes

and Thermotoga spp.), vector-borne pathogens (Bartonella spp.,

Rickettsia spp., Borrelia spp., and phytoplasmas), and human

pathogens with limited transmission routes (Neisseria spp. and

Helicobacter spp.). Thus, lifestyles expected to result in an increase

in the level of genetic drift appear to be associated with genome

reduction. The only exception is a pair of cyanobacteria in the

order Nostocales (average Ka/Ks = 0.09 and average genome size

=6.4 Mb). In contrast to most other species-pairs in our analysis,

these two species display different ecological niches and poten-

tially differ in typical values of Ne. As a result, the average Ka/Ks

ratio may not, in the case of this particular pair, be an appropriate

measure of drift. It is noteworthy that several obligate endo-

symbionts have also been reported to display small genome sizes

as a consequence of high levels of genetic drift; however, these

cases, including Buchnera, Blochmannia, and Wigglesworthia were

not included because available genome sequences do not have

a suitable relative to meet the specifications for our analyses (see

Methods).

The majority of the bacterial lineages that we examined (32 of

the 42 genome-pairs) appear to have experienced low levels of

genetic drift (average Ka/Ks < 0.06). This observation is consistent

with the commonly held view that most bacterial species have

a large Ne and experience effective purifying selection (Lynch and

Conery 2003; Lynch 2006). Almost all of these organisms (in-

cluding all members of Actinobacteria, Firmicutes, and most Pro-

teobacteria that we examined) have intermediate-to-large ge-

nomes (i.e., 2–7 Mb) that are typical sizes for known bacterial

lineages (Fig. 1A). Only three pairs possess genomes of <2 Mb,

including Campylobacter jejuni (a leading cause of bacterial food

poisoning), Mycoplasma spp. (mammalian pathogens with multi-

ple host species), and Prochlorococcus marinus (phytoplanktonic

Figure 2. Association between level of genetic drift and genome size
(A) and gene density (B) for the 42 pairs of bacterial genomes. The level
of genetic drift exhibits a strong negative correlation with genome size
(r = –0.72, P = 6.3 3 10�8). When only strictly free-living bacteria are
considered, the correlation remains statistically significant (r = –0.55, P =
0.039), particularly when the anomalous pair of cyanobacteria is excluded
(r = –0.86, P = 0.0018; see Results for explanation).

Figure 1. Association between genome size and gene count (A) and
gene density (B) for 488 bacterial species. Green points represent the 84
genomes considered in the present study; gray points are other published
genomes.
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marine cyanobacteria). The numerous cyanobacterial species

designated as Prochlorococcus marinus together comprise some of

the most abundant photosynthetic organisms on earth (Partensky

et al. 1999), and, along with two other broadly distributed marine

microbes (Pelagibacter ubique [Giovannoni et al. 2005] and a group

of methylotrophs from the Betaproteobacteria [Giovannoni et al.

2008]), are the only documented examples of free-living bacterial

lineages with highly reduced genomes. Although the exact ex-

planation remains unclear, natural selection for decreased cell

volumes and nutritional loads has been hypothesized to have

caused genome reduction in such lineages (Dufresne et al. 2005;

Giovannoni et al. 2005).

In addition to size, gene density (i.e., the proportion of a ge-

nome that is composed of annotated genes) is also associated with

levels of genetic drift (Fig. 2B). The 32 genome-pairs with low

levels of drift (average Ka/Ks < 0.06) display a relatively narrow

range of gene densities, ranging from 83% in Psychrobacter spp.

(cold-adapted bacteria isolated from permafrost) to 91% in Anaero-

myxobacter spp. (spore-forming soil bacteria). In sharp contrast, the

10 genome-pairs subject to higher levels of drift (average Ka/Ks

ratio > 0.06) span a much wider range, from 73% in Bartonella spp.

(insect-borne human pathogens) to 96% in Thermotoga spp. (an-

aerobic thermophiles). Moreover, most of the lineages that expe-

rience high levels of drift lie outside of the 85%–90% gene density

that is typical of bacterial genomes (Fig. 1B).

Discussion
Our results indicate that the variation in level of genetic drift

coupled with the inherent bias toward deletions in bacterial ge-

nomes (Andersson and Andersson 2001; Mira et al. 2001; Nilsson

et al. 2005; Hershberg et al. 2007) are the key forces that govern

the evolution of genome complexity in bacteria. The increased

values of Ka/Ks are probably a consequence of reductions in Ne (i.e.,

increases in drift), though an alternative hypothesis might be that

low Ka/Ks reflects relaxed selection, for example, due to constant

environments within host cells. We note that a substantial frac-

tion of the genes showing elevated Ka/Ks underlie central cellular

processes such as translation and replication (e.g., 43/80 in the

phytoplasma species-pair; see Supplemental Table 2 for a com-

plete list), and are thus essential regardless of life style. This ob-

servation suggests that reduced population size substantially out-

weighs relaxed selection as a force affecting both Ka/Ks and gene

retention.

When a bacterial lineage adapts to a lifestyle that reduces its

long-term Ne, such as obligate symbiosis (e.g., Wolbachia and

Rickettsia) or limited habitat range (e.g., Dehalococcoides and

Thermotoga), new mutations (with a propensity toward deletions)

become more likely to be fixed in the population due to an ele-

vated level of drift. In addition to reducing overall genome size

(Fig. 2A), the random fixation of mutations will also increase the

variation in coding densities (Figs. 1B, 2B). This wide range of

coding densities likely represents various stages in the process of

genome reduction. Because coding regions constitute the largest

mutational target in a typical bacterial genome, the fixation of

mildly deleterious mutations often reduces the gene density

through the creation of pseudogenes. Bacterial lineages that only

recently became host restricted, such as Mycobacterium leprae (Cole

et al. 2001) and Sodalis glossinidius (Toh et al. 2006), illustrate this

initial stage of genome reduction and have the lowest coding

densities (at about 50%) among sequenced bacterial genomes.

Even more recent is the host-restricted lifestyle of the human

pathogen Mycobacterium tuberculosis, which has been found to

show both elevated polymorphism and elevated ratios of non-

synonymous to synonymous changes (Hershberg et al. 2008),

but which retains relatively large genome size. As random dele-

tions remove the pseudogenes, essential genes will be retained,

ultimately resulting in tight gene packing in the most highly re-

duced genomes. In the extreme examples of genome reduction,

such as Carsonella ruddii (Nakabachi et al. 2006) and Sulcia muelleri

(McCutcheon and Moran 2007), the genomes are <0.25 Mb and

contain <4% of noncoding DNA.

A commonly held view of bacteria genome size evolution

argues that selection for rapid and efficient replication is a major

force that drives the streamlining of bacterial genomes (Maniloff

1996). However, two factors argue against this view: The first is the

overall lack of an association between genome size and doubling

time either within or among bacterial species (Bergthorsson and

Ochman 1998; Mira et al. 2001; Couturier and Rocha 2006; Froula

and Francino 2007), and the second is that the bacteria harboring

the smallest genomes are often obligate endosymbionts (e.g.,

Buchnera and Carsonella), whose lifestyle does not promote selec-

tion for rapid cell division. Our results provide additional evidence

that selection favoring deletions that remove excess DNA is not

a major determinant of genome size in bacteria, although ma-

rine bacterioplanktons may be exceptions (Dufresne et al. 2005;

Giovannoni et al. 2005, 2008). The strong association between

elevated levels of drift and small genome sizes (Fig. 2A) suggests

that genome reduction in bacteria is predominately a nonadaptive

process. On a larger scale, the lack of Bacteria with very large

genomes may reflect selection that imposes constraints on the

upper limits of bacterial genome size. Such constraints might re-

sult from limitations on bacterial cell volume and on chromosome

structure (e.g., bacterial chromosomes only have a single origin of

replication). Such selection could drive the genome-wide dele-

tional bias that appears to be pervasive in bacterial genomes (Mira

et al. 2001; Nilsson et al. 2005; Hershberg et al. 2007), even though

there is little evidence that selection for smaller genome size

underlies observed variation among bacterial lineages.

Two earlier studies investigated the role of genetic drift in

bacterial genome size evolution. The first, by Daubin and Moran

(2004), failed to detect a significant correlation between the level

of genetic drift and genome size. However, their analysis was

limited to the relatively few species-pairs available at the time,

including some that were likely too divergent for accurate esti-

mates of Ka/Ks, and used computational methods that were sus-

ceptible to biases caused by variation in base composition and

codon usage patterns. A study examining a more extensive set of

bacterial genomes (Novichkov et al. 2009) detected a relationship

between genome size and the impact of purifying selection on

coding sequences, but ascribed it to the inclusion of obligate

parasites, which were concluded to experience weak purifying

selection due to small Ne ‘‘despite the sometimes dramatic

shrinkage caused by gene loss.’’ We show that this relationship is

not simply an effect of including host-restricted bacteria and have

established the generality of the effect of genetic drift on genome

complexity across all, even free-living, Bacteria.

Although our finding of a major effect of drift on genome

complexity is in accord with a major thesis of Lynch and Conery

(2003), the direction of the relationship is with the opposite of

their prediction, suggesting a fundamental difference between the

genome biology of bacteria and eukaryotes. Whereas gene dupli-

cation and the proliferation of mobile elements are widespread in

eukaryotic genome evolution, these processes are less prevalent in

Kuo et al.
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bacterial genomes. Although the proliferation of mobile elements

has been observed in bacteria that experienced recent reduction in

Ne, these mobile elements (along with nonessential genes) are

eventually removed from the genomes through deletions in the

process of genome reduction (Moran and Plague 2004). Because

the model of genome evolution proposed by Lynch and Conery

(2003) assumes that most DNA in a genome is of no benefit to

organismal fitness, the model may be appropriate for higher

eukaryotes, but it does not adequately explain genome evolution

in Bacteria.

Methods

Data source and genome-pair selection
We obtained the 703 fully sequenced bacteria genomes available
from NCBI GenBank (Benson et al. 2008) on October 1, 2008. The
level of divergence between each possible pair within the same
order was estimated by calculating the average Ks value for five
conserved single-copy genes, dnaE, polA, rpoB, argS, and metG (see
below for details). Genome-pairs with an average Ks between 0.2
and 1.2 were identified, and after removing redundant pairs (e.g.,
there were 121 possible Escherichia coli–Salmonella sp. pairs), we
selected 42 genome-pairs from 24 orders for further analysis. Ge-
nome project id (GPID) and species name of each of these 84
genomes are listed in Supplemental Table 1. The genome size and
gene density of each genome were calculated based on the Gen-
Bank file of all chromosomes (excluding plasmids) using a custom
Perl script written with Bioperl modules (Stajich et al. 2002). The
genome size expressed for each of these 42 pairs was calculated as
the average of the two genomes forming a given pair. In cases
where multiple genome pairs displayed appropriate levels of di-
vergence, we selected the two genomes that were most similar in
size. Of the 42 pairs analyzed, 31 deviate from the average by <5%
and only two (Brucella ovis_Ochrobactrum anthropi and Rhodobacter
sphaeroides 17029_Rhodobacter sphaeroides 17025) deviate from the
average by >10%. Since the total range in genome size across the
pairs analyzed is more than 30-fold, the variation within pairs
constitutes only a small fraction of the variation.

Ortholog identification

To identify genome-pairs that are sufficiently, but not excessively
diverged so that robust estimates of substitution rates can be
obtained, we used the protein sequences of the five conserved
genes from E. coli MG1655 as the queries (GenBank accession
nos. NP_414726, NP_418300, NP_418414, NP_416390, and
NP_416617) to find the best BLASTP (Altschul et al. 1990) hit from
each of the other 702 genomes for substitution rate calculations.
After the 42 candidate genome-pairs were selected, a set of more
stringent criteria was applied for defining orthologs within a pair.
A pair of genes were defined as orthologs between the two closely
related genomes if: (1) the protein sequences were reciprocal best-
hits, (2) the BLASTP E-value was less than or equal to 1 3 10�15, (3)
the difference in length was no more than 20% of the shorter
sequence, (4) the high-scoring pair (HSP) accounted for at least
80% of the shorter gene, and (5) the amino acid sequence simi-
larity was at least 90% within the HSP. The close relationship of
the genomes within each of the 42 selected pairs coupled with
the high stringency of our ortholog selection minimized, if not
entirely eliminated, the presence of paralogs in our comparisons.

Substitution rate calculations

To calculate the nonsynonymous and synonymous substitution
rates between a pair of orthologs, we aligned amino acid sequences

in MUSCLE (Edgar 2004) with the default settings. The resulting
protein alignments were converted to nucleotide alignments with
PAL2NAL (Suyama et al. 2006). Because many highly reduced
genomes have a strong base compositional bias, we applied the
YN00 method (Yang and Nielsen 2000) implemented in the PAML
package (Yang 2007) to calculate the Ka/Ks ratios. In addition to
base composition and codon usage biases, the mutation model
used in the YN00 method accounts for transition/transversion
rate bias. To avoid the problem of biased Ka/Ks ratios due to in-
sufficient sequence divergence or saturation, genes having an
estimated Ks of <0.1 or >1.5 were excluded from subsequent
analyses. In addition to improving the inference of Ka/Ks ratios,
the exclusion of genes with high Ks also helped our resolution of
true orthologs, because Ks values are expected to be elevated be-
tween paralogs.

Defining sets of shared genes

To compare average Ka/Ks ratios across taxa, we confirmed the
presence and absence of each ortholog-pair in every genome-pair
by BLASTP with an E-value cutoff of 1 3 10�5. For inclusion in our
final calculations of the average Ka/Ks ratio for a given genome-
pair, we required a gene to be present in at least 30 genome-pairs
(i.e., shared by at least 71% of the genome-pairs).

Statistical test

We used the linear model function implemented in the R package
(http://www.R-project.org/) to perform linear regressions. Genome
sizes were log-transformed prior to regression analysis to improve
the goodness of fit.
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