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Opinion
Glossary

Allele: a particular version of a gene present at a locus.

Bottleneck: a reduction in population size, resulting in a decrease in genetic

diversity.

Competence: a physiological state in which cells are able to take up exogenous

DNA.

Conjugation: a process whereby DNA is transferred between cells that are in

physical contact. The transferred DNA is typically in the form of a circular

plasmid, which usually carries the genes responsible for the contact and transfer.

Diversifying selection: selection for many functional alleles at a locus. This

process can be recognized by an excess of nonsynonymous nucleotide

changes relative to synonymous nucleotide changes.

Effective population size: the number of cells contributing to future genera-

tions of the population; often many orders of magnitude smaller than the total

(census) population size.

Lateral gene transfer (LGT): defined here as the incorporation of a non-

homologous gene. Also referred to as horizontal gene transfer or illegitimate

recombination.

Linkage disequilibrium: the non-random association between mutations that

arises in clonally reproducing populations. Recombination shuffles mutations

around to form novel combinations of existing mutations. This can decrease

linkage disequilibrium up to the point where the presence of a particular

mutation is no longer indicative of the presence of other mutations. This state

is termed linkage equilibrium.

Recombination load: the (negative) difference in fitness between offspring

produced by recombination and clonally produced offspring.

Sex: often more narrowly applied to meiosis and fertilization in eukaryotes,

where both random assortment of chromosomes and recombination (cross-

ing-over) generate variation. In this paper, the term ‘sex’ is also applied to any

process that generates genetic variation by homologous recombination in

bacteria.

Sign epistasis: interactions between mutations so that mutation A can confer a

fitness advantage in genetic background X but a fitness disadvantage in

genetic background Y. Sign (or physiological) epistasis should not be confused

with statistical (or population) epistasis, which describes how mutations

present in different individuals in a population interact.

Transduction: the transfer of donor cell DNA into the recipient cell by

bacteriophage followed by recombination.

Transformation: the uptake of free DNA from the environment followed by

recombination. Transformation is sometimes referred to as natural transfor-
Microbiologists have long recognized that the uptake and
incorporation of homologous DNA from outside the cell
is a common feature of bacteria, with important impli-
cations for their evolution. However, the exact reasons
why bacteria engage in homologous recombination
remain elusive. This Opinion article aims to reinvigorate
the debate by examining the costs and benefits that
homologous recombination could engender in natural
populations of bacteria. It specifically focuses on the
hypothesis that homologous recombination is selectively
maintained because the genetic variation it generates
improves the response of bacterial populations to natural
selection, analogous to sex in eukaryotes.

What is homologous recombination?
Recombination in bacteria is defined here as the incorp-
oration of DNA from a donor cell into the genome of a
recipient cell. In contrast to recombination involving meio-
sis and fertilization in eukaryotic lineages, DNA transfer
in bacteria is unidirectional and always independent of
reproduction (cell division). Bacterial recombination is
often classified according to the mechanism by which
foreign DNA is introduced in the cell: transduction (see
Glossary) by bacteriophage, conjugation by plasmids or
transformation by uptake of free DNA from the environ-
ment. An alternative classification focuses on the type of
DNA being transferred: either a stretch of non-homologous
or a stretch of homologous donor DNA. A novel gene can be
transferred from non-homologous donor DNA, whereas for
homologous donor DNA, the new variation is limited to a
new (or identical) allele (Figure 1). Non-homologous recom-
bination is often referred to as lateral gene transfer (LGT).
Although the distinction between homologous recombina-
tion and LGT is often not made explicitly in discussions of
bacterial recombination, the two processes can potentially
engender very different adaptive benefits and it is necess-
ary to distinguish clearly between them (Box 1).

This article explores the hypothesis that homologous
recombination in bacteria (and archaea) is equivalent to
sex in eukaryotes. By shuffling around alleles, homologous
recombination results in an increase in genetic variation in
the population, thereby potentially improving the response
of the population to natural selection [1–4]. The first part of
the article will review some of the most important models
Corresponding author: Vos, M. (michiel.vos@nioo.knaw.nl)
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that have been proposed to explain the evolutionary
benefits of sex and how they could apply to homologous
recombination in bacteria. The second part of the article
reviews the costs associated with DNA uptake and hom-
ologous recombination.

Explanations for sex
The Fisher-Muller model: climbing Mount Fitness

A powerful metaphor in evolutionary biology is that of
the adaptive (or fitness) landscape [5]. This is a three-
dimensional or two-dimensional plot of all possible geno-
types in a given environment, with the fitness of each
mation to distinguish it from routinely performed artificial transformations in

the lab.
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Figure 1. The difference between LGT (non-homologous recombination) and

homologous recombination. Genes are depicted as coloured beads, with different

genes differing both in colour and in shape and different alleles differing in colour

but not in shape.
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genotype represented by the height of the landscape. In
the simplest scenario, this landscape has a single fitness
peak.When bacteria find themselves in a new environment,
theywillmost likelynot inhabit thispeakandnewbeneficial
Box 1. Non-homologous recombination (LGT) versus homologou

Bacterial genomes are commonly considered to be composed of a

core genome, consisting of genes essential to survival that are shared

by all related strains and species, and an accessory genome,

consisting of non-essential genes that might or might not be present

within a given strain. LGT transfers genes that make up the accessory

genome, whereas homologous recombination affects both the

accessory genome and the core genome. A recent analysis by Narra

and Ochman using a variety of species revealed no clear relationship

between the extent of homologous recombination and LGT [39],

indicating that these two processes might be maintained by different

selective pressures.

Knowledge about LGT has come primarily from genomic data, and

so our view is inherently biased to occasions in which LGT has proven

to be beneficial (or at least neutral) [40,41]. However, it is much more

likely that the random incorporation of a gene will decrease, rather

than increase, the fitness of the recipient cell. It has been shown that

the acquisition of new genes involved in metabolism is more likely to

be successful if genes encoding physiologically coupled enzymes are

already present in the genome [42]. The incorporation of foreign

genes as a mechanism to acquire novel phenotypes thus might or

might not result in increased fitness of the recipient cell (Table I).

Although many bacterial genomes have been profoundly shaped

by LGT [43], it is important to realize that the pervasiveness of LGT in

itself cannot be taken as evidence that it has evolved as an adaptation

to acquire new genetic information [40]. LGT often results from the

transfer of mobile genetic elements. Only when the cell has evolved

mechanisms to mediate conjugation and transduction can LGT be

classified as an adaptation (regardless of whether certain individual

recombination events are adaptive) [34] (Table I). This could be true

for conjugative plasmids but is less likely for selfishly replicating

bacteriophages. It is possible that LGT via transformation occurs as a

by-product of incorporating homologous DNA for repair or sex, with

bacteria encountering more diverse sources of DNA being more

prone to incorporate non-homologous DNA by accident (Table I).

An alternative explanation for the incorporation of foreign DNA in

the genome is that it is a by-product of the uptake of DNA to use

Table I. The most commonly invoked explanations for the incorp

Non-homologous recombination (LGT)

Indirect benefit: acquiring novel genetic diversity

By-product of: infectious gene transfer

By-product of: metabolizing DNA

By-product of: homologous recombination for sex or repair
aHypotheses are classified as ‘direct benefit’, whereby recombination results in a fitnes

in increased fitness of some recipient cells but not others (and so only confers a benefit o

effect of another biological process. It should be noted that the different hypotheses

infectious gene transfer does not necessarily confer a direct benefit to the host cell b
mutations will be needed to climb it. However, it is unlikely
that these novel beneficial mutations will arise in the
same individual. Instead, different beneficialmutationswill
crop up in different individuals (i.e. they will be in linkage
disequilibrium). The subsequent competition between
different beneficial mutations slows down the emergence
of a single best-adapted clone, a process known as clonal
interference.

Clonal interference depends crucially on population
size. When populations are very small, there is little
chance that a novel beneficial mutation will arise before
a previous mutation has been fixed in the population. In
populations that are very large, however, chances are that
multiple beneficial mutations will arise in single individ-
uals. Only in populations between these two extremes,
arguably the most realistic populations, can clonal inter-
ference slow down adaptation. The Fisher-Muller model
posits that homologous recombination brings competing
beneficial mutations together into one genome, eliminat-
s recombination

nucleotides as precursors for host DNA or as a source of energy [34].

Because all sequences consist of purines and pyrimidines, this

hypothesis is valid for both types of recombination (Table I). Indeed,

Escherichia coli can grow on both homologous and non-homologous

double-stranded DNA as the sole source of carbon and energy [44].

The specificity of DNA uptake, however, is known to be restricted in

some species in which genus-specific sequence repeats are necessary

for successful DNA uptake (e.g. Neisseria gonorrhoeae and Haemo-

philus influenzae) [45]. Specificity of DNA uptake presents a major

problem for the generality of the DNA metabolism hypothesis: why

would these bacteria not feed on non-homologous DNA? A different

argument brought forward against this hypothesis is that some

species (e.g. Bacillus) are also capable of efficiently digesting DNA

extracellularly and taking up the individual nucleotides, precluding

the need for the uptake of single-stranded DNA [46], although it is not

known how the cost of taking up single nucleotides compares with

the cost of taking up nucleotide strands.

Homologous recombination is mediated by rec genes, the primary

function of which is recombinational repair of DNA damage [40]. Note

that DNA damage refers to double-strand breaks and other structural

alterations that can be recognized by repair enzymes and not to

deleterious mutations that are invisible to this machinery [30]. It has

been proposed that foreign DNA is taken up to serve as a template to

repair damaged homologous stretches of DNA [30]. Normal aerobic

metabolism, the production of endogenous hydrogen peroxide (to

inhibit competing species) and exposure to leukocyte oxidative bursts

in host immune responses can lead to extensive DNA damage, and

the high rate of homologous recombination in several pathogens and

commensals has been proposed to serve to repair this damage [30].

Of all explanations for bacterial recombination, the DNA repair

hypothesis has perhaps received most experimental attention, but

there is considerable disagreement over the interpretation of results

[30,40]. Higher numbers of transformed cells are observed in Bacillus

with increasing levels of UV irradiation, but this seems to be primarily

caused by a general upregulation of recombination processes and not

increased survival of recombinants because of DNA repair [30,47].

oration of foreign DNA in bacteriaa

Homologous recombination

Indirect benefit: creating novel combinations of alleles (sex)

By-product of: infectious gene transfer

By-product of: metabolizing DNA

Direct benefit: DNA repair

s increase of every recipient cell; ‘indirect benefit’, whereby recombination results

n the level of the population); or ‘by-product of’, whereby recombination is a side-

are not mutually exclusive and could act alongside each other [30]. (Note that

ut does confer a direct benefit to the mobile genetic element involved.).
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Figure 2. Two-dimensional representations of fitness landscapes. The x-axis represents a continuum of different genotypes, and the y-axis represents fitness. The first

panel shows a population of different genotypes (black dots) in a fitness landscape. The second panel shows these genotypes in addition to genotypes produced by

homologous recombination (red dots). Recombination increases the spread of genotypes over the landscape (i.e. increases fitness variance). The third panel shows the

genotypes that remain after selection has removed genotypes occupying the lower half of the landscape. (a) In the Fisher-Muller model, recombination enables populations

to climb a fitness peak faster than they can through mutation. (b) In the tangled bank model, recombination helps populations escape from a fitness peak depressed by

intense resource competition (the past fitness peak is shown in grey; genotypes that used to occupy its top drop down to the present landscape). (c) In the sign epistasis

model, recombination enables populations stuck on low fitness peaks to reach the highest fitness peak. (d) Although different forces underlie changes in the fitness

landscape in the Lottery and Red Queen models, both assume that the increased spread of genotypes over the fitness landscape through recombination enables

populations to reach novel peaks more rapidly. (e) Muller’s Ratchet causes populations to slide from their adaptive peaks. Recombination enables the reconstruction of

genotypes free from deleterious mutations.

Opinion Trends in Microbiology Vol.17 No.6
ing clonal interference and speeding up adaptation
(Figure 2a). The Fisher-Muller model is one of the best
established explanations for sex and, therefore, has
attracted most experimental attention from microbiolo-
gists [4,6,7] (Box 2).

The tangled bank model: a crowded summit

Once a population has climbed a fitness peak, there is a
chance that it will fall victim to its own success: when the
Box 2. Experimental evidence that homologous recombination c

An experimental evolution experiment by Cooper [7] elegantly provides

evidence that bacterial recombination can act as an equivalent to

eukaryotic sex by reducing clonal interference. Eight replicates of four

E. coli lines, genetically engineered at one or two loci, were allowed to

evolve in a novel laboratory environment. Knocking out one locus

resulted in the mutant being unable to engage in homologous

recombination via the F-plasmid (rec–); knocking out the other locus

resulted in mutation rates elevated 30-fold compared with the wild

type. Rates of adaptation did not differ significantly between the rec+

and rec– lines with wild-type mutation rate because beneficial

mutations did not arise frequently enough to result in clonal

interference. In the two high-mutation-rate lines, however, adaptation

proceeded more rapidly in rec+ than in rec– lines because multiple

beneficial mutations were competing in the rec– clones but could act

together after recombination in the rec+ clones. Clonal interference

could be verified by the identification of a single beneficial mutation in a
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population gradually depletes resources and competition
intensifies, growth rate slows down. In the fitness land-
scape analogy, the top of the fitness peak will gradually
become depressed, making surrounding regions more
favourable (Figure 2b). Thus, fitness landscapes are not
rigid but change shape depending on the position and
density of occupying populations (much like a bouncy
castle changes shape under the weight of a group of chil-
dren). The tangled bank model posits that recombination
an reduce clonal interference in bacteria

candidate locus that was followed by sequencing clones in different

lines at different time points in the evolution experiment. This particular

mutation was found to increase in frequency at a slower rate in the rec–

lines and conferred a smaller adaptive benefit because it had to

compete with other beneficial mutations in the population.

Although the large population sizes, the short generation times and

the availability of molecular genetic tools facilitate experimental tests

of the various hypotheses for the benefit of recombination in bacteria,

compared to most eukaryotes, several difficulties exist as well.

Conditions that are relevant for bacteria in nature are hard to mimic

in the laboratory (provided they have been identified in the first

place), making it possible that experiments are performed under

suboptimal or even irrelevant conditions. In addition, the complex

molecular machinery involved in recombination could be pleiotropi-

cally linked to other important cellular functions that are under

selection during laboratory evolution.
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helps the population to diversify to escape competition and
enhance overall population growth [8,9]. To the author’s
knowledge, the tangled bank model has not received any
attention in the context of bacterial recombination. How-
ever, it could potentially apply to bacteria that grow to high
local population densities and cannot escape competition
by dispersal.

The sign epistasis model: through the valley of death

The previous models focus on smooth fitness landscapes
containing a single peak. This is the case when mutations
affect fitness independently from all other mutations (some
mutations take every genotype higher up, whereas others
will take every genotype lower down). However, mutations
tend to influence each other’s effect on fitness: mutations
that are beneficial in one genetic backgroundare not necess-
arily beneficial in another background. This phenomenon,
knownassignepistasis, results infitness landscapesbecom-
ing rugged, with many small and large peaks, ridges and
valleys [4,10,11]. Sign epistasis seems to be the rule rather
than the exception in most types of organisms, including
bacteria [5,11]. In a smooth landscape, populations
will always arrive at the highest peak – either slowly, via
mutation, or faster, aided by recombination. Populations in
a rugged landscape, however, will often climb suboptimal
peaks and become stuck there because the only mutations
that are accessible to themwill bring themdown into fitness
valleys [11,12]. Recombination could potentially help popu-
lations traversingfitnessvalleys to reach thehighestpeak in
the landscape (Figure 2c).

The lottery model: a leap in the dark

The models discussed above consider adaptation in static
environments.However, it is obvious that populationswill
also experience environmental change, either because
local conditions change over time or because cells are
dispersed to new localities. (Note that when selection
pressures do not change, recombination would remove
populations from the highest fitness peak they had
climbed and could not be beneficial.) When fitness peaks
frequently change position in the fitness landscape,
recombination could serve to produce a variety of different
offspring in the hope that one of themwill occupy a spot on
the landscape where the next fitness peak will appear
(Figure 2d). This scenario is known as the lottery model
[13], after the analogy that it is better to hedge one’s bets
and buy different lottery tickets than to buy the same
number of identical tickets.

Bacteria are likely to face new selective challenges after
a change of the local environment or dispersal to new
environments, but the degree to which this occurs must
differ between different microbial communities. Imagine,
for instance, extremely heterogeneous soil environments,
in which any single colony borders only a limited number of
resource patches (compared to the total number present in
the entire plot of land). By contrast, cells in aquatic
environments are expected to encounter many more com-
binations of resources owing to frequent dispersal, result-
ing in varying selection pressures. Cells in aqueous
environments are also expected to encounter other geno-
types more frequently, which is essential for homologous
recombination to generate variation in a population.
Although very few data are available, aquatic bacteria
tend to have elevated homologous recombination rates
compared with terrestrial bacteria [14]. It must be noted,
however, that an increased degree of population mixing
alone could result in a stronger signature of homologous
recombination, without any particular benefit of novel
allele combinations.

The Red Queen model: mountains that move

In lottery models, the environment is usually assumed to
be abiotic, merely consisting of different combinations of
resources (see, for instance, Ref. [9]). However, most bac-
teria find themselves in immensely complex microbial
communities, and changes in the biotic environment are
likely to be very important as well. Selection exerted by
competing genotypes and species, predators (e.g. protozo-
ans) and parasites (bacteriophages) is likely to be not only
very strong but also continuous because a new adaptation
by one species (e.g. infectivity) will select for a counter-
adaptation in the other species (e.g. resistance), and so
forth. This dynamic process of antagonistic co-evolution is
one of the most popular explanations for sex in eukaryotes
[3,15,16]. The name of the model is taken from Lewis
Carroll’s book Through the Looking-Glass, where the
Red Queen tells Alice: ‘It takes all the running you can
do, to keep in the same place’.

Lytic bacteriophages exert a strong selection pressure
on bacteria to evolve to become resistant [17]. It seems
reasonable to assume that host-to-host transmission of
lytic bacteriophages is achieved much more easily in
unstructured environments [18]. Accordingly, aquatic
environments seem to have a higher number of bacterio-
phages (relative to the number of bacteria) than terrestrial
environments do [18]. This leads to the intriguing hypoth-
esis that elevated levels of co-evolution between bacteria
and phages could select for the high homologous recombi-
nation rates observed in bacteria inhabiting aqueous
environments [14].

Researchers have focused almost entirely on the
importance of sex for hosts because the short generation
times, high mutation rates and large population sizes of
parasites have usually been assumed to provide beneficial
mutations at a sufficient rate. However, it could be envi-
saged that homologous recombination could increase the
rate of adaptation of bacterial parasites as well. Surface-
expressed proteins in pathogenic bacteria elicit strong
selection for recognition by the immune system of eukar-
yote hosts and, as a consequence, have diversified to
escape this recognition. Whereas mutation can only alter
alleles in small steps, homologous recombination enables
cells to obtain highly divergent alleles in a single evol-
utionary event, thus potentially dramatically speeding up
adaptation (Box 3). Moreover, novel alleles could be cre-
ated by combining parts of both alleles [19]. In agreement,
many examples exist of virulence genes forwhich evidence
exists of both diversifying selection and homologous
recombination (see, for instance, Ref. [20]) and pathogenic
Escherichia coli lineages have been shown to engage more
frequently in homologous recombination than non-patho-
genic lineages [21].
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Box 3. Creating new alleles through homologous

recombination

The efficiency of homologous recombination declines with se-

quence divergence between donor and recipient DNA in a log-linear

manner because of a variety of molecular constraints [48]. It is

important, however, to realize that homologous recombination can

extend beyond homologous sequence. Proteins consist of a variety

of conserved motifs for structural stability, as well as more variable

sequence motifs involved in substrate specificity and activity. Even

highly divergent stretches of sequence can be incorporated into a

genome by homologous recombination as long as they are flanked

by conserved sequences. This principle is employed to generate

novel gene products in laboratory-directed protein evolution, where

it is known as DNA shuffling [49]. In this procedure, homologous but

divergent sequences from different species are fragmented, fol-

lowed by reassembly of the fragments in a self-priming polymerase

reaction. The resulting chimaeric sequences consist of conserved

regions where homologous recombination has taken place inter-

spersed with variable regions. Homology-dependent recombination

can thus result in great leaps in sequence space and can

dramatically increase responsiveness to selection relative to the

accumulation of point mutations [49].
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Muller’s Ratchet: sliding down the mountain

Nomatter whether a population is climbing a single fitness
peak or aiming for a new peak, deleterious mutations will
occur along with beneficial ones (in fact, most mutations
are deleterious; random genetic change is more likely to do
harm than good). Although the most severe deleterious
mutations will be removed directly because they render
their bearers non-viable, less deleterious mutations will
inevitably accumulate even in the fittest genomes. This
process is called Muller’s Ratchet. Without selection, every
generation will be a random subsample of the previous
generation. When the size of this subsample is small,
sampling error will become important (a process known
as genetic drift). Populations that go through repeated
genetic bottlenecks thus run the risk of losing individuals
that are free of deleterious mutations and will slowly but
surely slide down the fitness peak. Homologous recombi-
nation can counteract this process by reconstructing
mutation-free individuals (Figure 2e).

Muller’s Ratchet has been shown to cause a decrease in
bacterial fitness when laboratory populations are forced to
pass through a single-cell bottleneck regularly for a pro-
longed time [22]. Although the effective population size of
bacteria is usually assumed to be enormous and genetic
drift seems unlikely to be generally strong, genetic bottle-
necks could still be important in some cases; for example,
in endosymbionts in which limited numbers of cells are
transmitted from host to host [23]. The subdivision of the
global population into local populations will also result in a
greater influence of drift and a greater potential benefit of
recombination [24]. Spatial population structure can be
particularly strong in extremophiles inhabiting isolated
habitats such as hot springs (see, for instance, Ref. [25]),
but even populations of free-living bacteria inhabiting
contiguous environments, without obvious barriers to gene
flow, can be structured [26].

The costs of recombination in bacteria
One of the greatest problems evolutionary biologists have
had in explaining the ubiquity of sex in eukaryotes is the
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high cost of sex, which decreases its potential evolutionary
benefit [2]. A main cost of sex is the recombination load, or
the loss of population fitness caused by the breakup of
beneficial allele combinations by recombination [2].
Because the allele combinations of individuals alive today
must have survived many rounds of natural selection, they
will, on average, be fitter than any random combination
produced by recombination. The decrease in fitness caused
by recombination load in the short run must thus be out-
weighed by an increase in fitness by more efficient natural
selection in the long run for recombination to be a success-
ful strategy.

The importance of recombination load depends on the
shape of the fitness landscape and the position of popu-
lations in it. When genotypes find themselves high on an
adaptive peak, novel genotypes produced by recombination
are more likely to end up away from the top than closer to
it, so recombination load is high. The overall fitness
decrease of the population in the short term, however,
can still be outweighed in the longer term when recombi-
nation is better able to produce even a single, much fitter
genotype than mutation. When genotypes find themselves
in a fitness valley, recombination is unlikely to decrease
fitness even further and recombination can increase over-
all population fitness in the short term, as well as in the
long term.

Amajor cost of sex in many eukaryote species is the cost
of males. The per capita growth rate of asexual populations
is twice that of sexual populations because every single
individual, not pairs of individuals, produces offspring.
This twofold cost of sex is absent in bacteria in which all
cells in the population are of the same type. However,
bacterial sex is still associated with considerable costs.
Bacteria need to be in a particular physiological state,
termed competence, to be able to take up foreign DNA
and engage in recombination. Free DNA taken up by cells
via transformation can originate from cells in the popu-
lation that have lysed. For instance, in Streptococcus
pneumoniae, competent cells lyse non-competent cells
through cell-to-cell contact, releasing DNA that is then
available for uptake [27]. A wide variety of species are also
known to actively secrete DNA into the environment that is
then available for uptake by other cells [28,29]. Non-recom-
bining mutants that do not carry costs of DNA uptake,
DNA secretion or active cell lysis (the cost of cell death, as
well as the cost of killing) are expected to have a growth
advantage in the absence of any fitness benefits associated
with recombination. Only when the long-term risk of
extinction is higher in clonal populations can recombining
populations thus persist.

Active secretion of DNA could be used as an argument
against the DNA metabolism hypothesis [30] and inter-
preted as an adaptation facilitating the repair and sex
hypotheses. An alternative evolutionary explanation for
the secretion of DNA that has been brought forward
recently, and is related to infective gene transfer by bac-
teriophages and plasmids (Box 1), is that genes promoting
DNA secretion can selfishly spread through the population
by transformation (along with other genes; there is no
evidence that specific portions of the genome are secreted)
[29]. However, this hypothesis lacks empirical support,
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Box 4. Outstanding questions

� Intraspecific variation in transformability has been demonstrated

in several species (e.g. Pseudomonas stutzeri [50]). Under what

environmental conditions could strains with different recombino-

genic potential outcompete each other? This could be tested using

microcosm experiments.

� Genomic surveys can indicate the prevalence of homologous

recombination in different chromosomal regions, as well as the

presence or absence of sequence repeats that could represent

potential DNA uptake or Chi-like marker sequences [33,51]. Does

the density of Chi-like markers correlate with elevated homo-

logous recombination rates? The comparison of genomic se-

quences from multiple strains belonging to the same species

might help answer this question.

� A recent study demonstrated that homologous recombination

rate can vary widely within phyla but is generally similar between

species belonging to the same genus [14]. Is this the result of

phylogenetic constraints or shared adaptive strategies?

� It is largely unknown how micro-scale environmental heteroge-

neity in space and time correlates with the genetic diversity of

bacterial populations in nature [52]. Do local bacterial populations

evolve to occupy new niches that become available to them or will

niches mostly be filled by immigrant clones?

� The tangled bank and lottery models have largely fallen out of

favour as explanations for the occurrence of sex in eukaryotes.

However, could these models be applicable to the parameter

space inhabited by bacterial populations?
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ignores the potential benefits that DNA secretion and
recombination could confer to populations and does not
explain why cells would actively take up DNA from the
environment in the first place.

It has been observed in many facultatively sexual eukar-
yotes that sex takes place primarily when conditions are
suboptimal. One hypothesis that explains this phenomenon
is that the costs associated with sex might be less pro-
nounced under harsh conditions because competition for
resources is minimal [8]. A wide variety of bacteria and
archaea can develop competence [28], but the efficiency of
transformation is often highly sensitive to physiological,
nutritional and temperature conditions (see, for instance,
Ref. [31]). Competence is often, but not universally, induced
by stress. In Vibrio cholerae, for example, competence is
inducedbynutrient limitationand increasedcell densitybut
also by growthon chitin [32].Whatever the exact triggers for
DNA uptake and recombination, tight regulation of compe-
tence could potentially greatly lower the cost of recombina-
tion and, therefore, increase its potential benefit.

A study by Fall et al. [33] on Ralstonia solanacearum
provides experimental evidence that transformation effi-
ciencies can differ substantially between loci. The observed
recombination ‘hotspots’ correlated with the presence of
short signature sequences resembling so-called Chi
sequences known to promote DNA repair by homologous
recombination inE. coli. This finding indicates that it could
theoretically be possible that homologous recombination
rate is increased around loci prone to be involved in
adaptation, such as surface antigens, thereby increasing
its effectiveness and decreasing its cost.

Concluding remarks
It is evident that some benefit must be associated with
homologous recombination, whether directly, indirectly or
through a linked process of which the incorporation of
foreign DNA in the genome is a by-product (Table 1).
The simplest demonstration for the existence of such a
benefit is the fact that DNA uptake and subsequent recom-
bination would otherwise not be found: any non-recombin-
ing mutant would outcompete recombining cells because it
would not bear the costs associated with recombination.
Furthermore, a non-recombining mutant would convert
recombining cells to non-recombining cells by providing
them with DNA with recombination-deficient loci [34].

This article has made a case for the possibility that
homologous recombination is selectively favoured in bac-
teria because it facilitates natural selection. The various
hypotheses brought forward to explain the benefits of sex
in eukaryotes are equally applicable to bacteria, probably
even more so because the cost of bacterial recombination
could be lower. Although the different hypotheses for why
sex might be beneficial all have intuitive appeal and vary-
ing degrees of empirical and theoretical support, none of
them is generally regarded to be the ultimate explanation
for sex. Instead, it is most likely that multiple mechanisms
act alongside each other, possibly synergistically [35].

It is clear that the adaptive landscapes bacteria inhabit
are rugged and that they change in shape over time
because of competition, dispersal, fluctuations in the
environment and coevolution with other species. Recent
genomic studies indicate that a considerable portion of
genes in bacteria can be under positive selection [36,37].
The more genes that are under selection, the more import-
ant clonal interference will be as an impediment to adap-
tive evolution. Importantly, deleteriousmutations will also
interfere with beneficial mutations. Theoretical work has
shown that recombination can be effective in liberating
beneficial mutations from bad genetic backgrounds under
a wide range of conditions [38].

A greater appreciation of the fascinating diversity of
bacterial life styles by evolutionary biologists, as well as a
better understanding of evolutionary theory by microbiolo-
gists, will be essential to better understand the advantages
associated with homologous recombination in bacteria.
This, in turn, could greatly improve our understanding of
bacterial evolution, speciation, genomearchitecture, ecosys-
tem functioning and disease prevention. Box 4 lists out-
standing questions in several areas of research. Elucidating
the function of bacterial recombination will undoubtedly
prove to be one of the most exciting topics in microbiology
and evolutionary biology in years to come.
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