
Trends
The rate of lateral gene transfer (LGT) in
prokaryotes can be high, and is likely
to have profound consequences for
genome evolution and adaptation.
However, the selective forces underly-
ing LGT rates have remained relatively
unexplored. Insights from theory devel-
oped to explain the evolution of muta-
tion rates can be applied to the
evolution of LGT rates.

We identify two main scenarios that
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Lateral gene transfer is of fundamental importance to the evolution of prokary-
ote genomes and has important practical consequences, as evidenced by the
rapid dissemination of antibiotic resistance and virulence determinants. Rela-
tively little effort has so far been devoted to explicitly quantifying the rate at
which accessory genes are taken up and lost, but it is possible that the
combined rate of lateral gene transfer and gene loss is higher than that of point
mutation. What evolutionary forces underlie the rate of lateral gene transfer are
not well understood. We here use theory developed to explain the evolution of
mutation rates to address this question and explore its consequences for the
study of prokaryote evolution.
could explain the high observed rates
of LGT. In the first scenario, LGT rate is
optimal while in the second scenario
the rate of LGT is suboptimal.

The diverse mechanisms and fitness
effects of LGT events make it challen-
ging to address evolutionary costs and
benefits. A combination of population
genomic and experimental approaches
will be needed to establish LGT rates
and the distribution of fitness effects of
LGT events.
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The Fluidity of Prokaryote Genomes
It has long been recognized that even closely related strains of bacteria and archaea can greatly
differ in gene content [1–3]. The rate and promiscuity with which genes change residence in
prokaryote genomes is of such magnitude that many have rejected the concept of prokaryote
species (e.g., [4]) or the possibility of reconstructing a bifurcating tree of prokaryote life (e.g., [5]).
The realization of the high rates of gene content turnover has led to the paradigm of a core
genome of genes present in all members of a taxonomic group and an accessory genome
present in only a subset of members (with the total complement of genes in a taxon termed the
pan genome [6]). The extent to which related genomes differ in gene content varies for different
species, with some having a relatively ‘closed’ genome (i.e., a core genome that is large
compared to the accessory genome) and some species an ‘open’ or ‘flexible’ genome (i.e.,
a relatively small core genome and a large pan genome) [7].

A diverse set of mechanisms underlies the evolution of gene content but they can be grouped
into three main classes: gene loss, gene gain through duplication (parology), and gene gain
though lateral gene transfer (LGT, xenology) [8,9]. Knowledge on the impact of LGT on bacterial
evolution continues to rapidly expand (e.g., [10–13]). In many prokaryotes, LGT is known to be a
more important process for determining gene gain than is gene duplication [14–16]. Gene loss
can be due to two processes: mutational deletion and the lateral transfer of gene absence by
recombination between a strain with and without the gene (likely helped by the presence of
homologous flanking sequence [17]), although it is not well understood which of the two
mechanisms is most important.

The rate at which genomes accumulate random variation, due to point mutation or wholesale
changes in gene content, dictates the speed and mode of evolution. Both mutational changes
and changes in gene content provide the raw material for selection to act on, but the rate of each
process can be modified through selection too. Apart from the fitness effects of individual LGT
events, it is therefore crucial to understand how second-order selection acts on the rate of
change itself. In this paper we provide a short summary of the relatively few studies detailing the
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Glossary
Distribution of fitness effects
(DFE): mutations, as well as lateral
gene transfer (LGT) events, have
fitness effects that can be broadly
divided into three categories. First,
there are mutations that decrease
fitness. Second, there are ‘neutral’
mutations, which have little or no
effect on fitness. Third, there are
advantageous mutations, which
increase fitness by allowing
organisms to adapt to their
environment. However, in reality,
there is a continuum of selective
effects, stretching from those that are
strongly deleterious, through weakly
deleterious mutations, to neutral
mutations and then on to mutations
that are mildly or highly adaptive. The
distribution of fitness effects refers to
the relative frequencies of these types
of mutation.
Genetic drift: the change in
frequency of a mutation or accessory
gene in a population as a result of
chance, not selection.
Mutation rate modifier: a gene
variant that influences the mutation
rate.
Purifying selection: selection
against genomic changes that lower
fitness.
rate and fate of lateral gene transfers. The main part of this paper then discusses how models
developed to explain the evolution of the mutation rate can be applied to the evolution of LGT
rate, which is likely to be high in many species. Specifically, we discuss whether selection drives
optimal rates of LGT or whether selection for lower rates is constrained. Finally, we highlight
some of the implications our findings have for our understanding of evolutionary microbiology
and identify areas for future research.

Quantifying the Rate and Fate of Changes in Gene Content
A plethora of comparative genomics studies have demonstrated the rate of prokaryote gene
content turnover to be very high. However, systematic attempts to estimate how fast gene
turnover occurs over evolutionary time, expressed per genome per generation or relative to
point mutation, have been rare. To our knowledge, the first study to explicitly address this
question was by Hao and Golding [18] who used a maximum likelihood method to quantify
both insertion and deletion rates of genes relative to mutation in a set of Bacillus cereus
group genomes. According to their published estimates, genes were gained and lost at a
rate approximately 4.4 times the rate of nucleotide substitution per site [18]. Similar esti-
mates were found in Streptococcus [19] and Corynebacterium [20] genomes using the same
methodology. A recent estimate of LGT rate in Pseudomonas syringae based on stochastic
mapping methodology (after corrections necessary for working with genomes that are not
sequenced to complete closure) was found to be four orders of magnitude higher than the
estimate for B. cereus [21]. Individual P. syringae lineages could be shown to have acquired
thousands of genes in the same period in which a 1% amino acid divergence accrued in the
core genome. The rate also appears to be very high in Escherichia coli, where strains that
have almost no single nucleotide changes in their genes they share can differ substantially in
gene content [22].

These and other studies (e.g., [23,24]) have also demonstrated that most gene content changes
are short-lived. In most studies this is apparent from a decrease in the rate of gene content
change relative to the rate of nucleotide substitution in the deeper branches of the phylogeny
compared to the tips. The same pattern is most elegantly demonstrated in the P. syringae and E.
coli studies [21,22] in which the vast majority of individual gene gains are mapped to a single
strain. There are three potential explanations for why most gene content changes are transient.
First, the vast majority of gene content changes might be neutral (i.e., have no selective effects)
and, like mutations, are lost from the population by random genetic drift (see Glossary). This
seems an unlikely explanation, because under this model the relative rates of gene content
change and nucleotide substitution would remain constant across different phylogenetic
depths. Second, most gene content changes might be deleterious [6,8,18,22]. There are a
variety of reasons to expect that LGT events are likely to have a negative effect on fitness [25];
apart from an added cost of translation, the high coding density of bacterial genomes means that
inserted genes are likely to disrupt existing translation. Moreover, newly introduced gene
products could be outright toxic through gene dosage effects, interfere with existing cellular
interactions, or interfere with each other [26]. Third, accessory gene gains could be beneficial but
only very transiently so. However, their removal would still imply that these genes ultimately have
a deleterious effect.

The fact that the majority of lateral gene transfers are likely to be deleterious and quickly removed
by purifying selection (unless this is made impossible by the presence of addiction mecha-
nisms [27]), highlights the necessity of comparing very closely related genomes in order to
reliably estimate the LGT rate. As a large number of deleterious events will have gone unde-
tected, the ratio of gene content changes to mutation is likely to be significantly higher than
estimated. Using data on the two pairs of most closely related P. syringae strains in the Nowell
et al. [21] study, we divided the estimated number of gene gains by the number of estimated
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mutations that have occurred since the pairs of genomes separated. (Mutational divergence was
estimated by assuming that synonymous mutations are neutral and by multiplying the number of
synonymous substitutions per site by the total number of sites in the genome.) Gene gain was
estimated to have occurred at �20% the genomic rate of point mutation. However, these strains
were not particularly closely related, with many hundreds of mutations separating them. Purifying
selection therefore can be expected to have removed many deleterious gene gain events,
leading this to be a highly conservative estimate of LGT rate. Moreover, single gene gain events
usually equate to many nucleotide changes and so our measure of genomic change by LGT is
conservative.

Applying Theory Developed for the Evolution of Mutation Rate to the
Evolution of Gene Content Turnover
The fact that most LGT events are deleterious poses the question why LGT seemingly occurs at
high rates. Both rates of mutation and gene content change are controlled by intrinsic factors (i.
e., those under genetic control of the cell) and extrinsic factors (i.e., those mediated by the
environment, including other biological agents). Mutation rate is in part determined by the fidelity
of the replication and repair machinery of the cell, and can be elevated directly by extrinsic stress
factors such as ultraviolet (UV) radiation and reactive oxygen, or indirectly by stress-induced
gene expression changes lowering the efficiency of DNA repair [28]. The LGT component of
gene content change is in part determined by the genetic regulation of competence (controlling
the uptake of foreign DNA by transformation) and by innate and adaptive immunity systems
preventing infection by plasmids and transducing bacteriophage [29], but is also crucially
dependent on the concentration and diversity of free DNA and mobile genetic elements in
the cell's environment. Although, in the case of LGT, the balance between intrinsic and extrinsic
determinants is likely shifted towards the latter, we here argue that there is no clear-cut boundary
between different types of genomic change and that LGT can be analysed in the theoretical
framework developed for mutation.

It has been well established that the evolution of mutation rate is crucially dependent on three
factors: (i) the distribution of fitness effects (DFE) of new mutations, (ii) the costs associated
with keeping mutation rate under control, and (iii) the presence of recombination. When it is
assumed that all mutations are deleterious, selection is expected to evolve to bring the mutation
rate down to zero. However, because mutations also provide a source of genetic variation
required for adaptation, a more realistic expectation is that rates have evolved to an optimum
level. The optimum mutation rate then is a balance between, on one hand, the effects of
deleterious mutations and the metabolic cost of limiting the rate at which they occur, and on the
other hand, the benefits of occasionally obtaining mutations that aid adaptation to a changing
environment [30–35]. Following this reasoning, the more frequent and strongly selected advan-
tageous mutations are, the higher the optimum mutation rate will be.

Theory has demonstrated that recombination rate is a crucial factor determining the evolution of
the mutation rate [34,35]. In asexual organisms, the loci determining mutation rate (mutation
rate modifiers) are genetically linked to the mutations they bring forth. However, in the
presence of recombination, mutation rate modifiers become genetically unlinked from the
mutations they generate, and so cannot hitchhike to a higher frequency with beneficial muta-
tions, or to a lower frequency when linked to deleterious mutations. In sexual populations,
selection will tend to minimise the mutation rate irrespective of what the optimum mutation rate is
[34,36] (Figure 1). This rather counterintuitive situation is caused by the fact that deleterious
mutations greatly outnumber advantageous mutations. As both types of mutation will be
associated with the modifier for approximately the same length of time, selection will favour
a minimum mutation rate even when this is not beneficial over the longer term. As a conse-
quence, optimal mutation rates can evolve only in largely asexual populations [34].
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Figure 1. Four Different Scenarios of
Selection on the Rate of Gene Con-
tent Turnover in Prokaryotes. In spe-
cies that are largely asexual, selection
could theoretically result in an optimal,
nonminimal rate of lateral gene transfer
(LGT) (two arrows). When costs of mini-
mizing LGT rate are low, this optimum
could be attained in reality (scenario 1),
when costs are high, LGT rate will remain
higher than the optimum (scenario 2).
When recombination results in unlinking
the genes that control LGT rate from the
accessory genes they bring into the gen-
ome, theory predicts that selection will act
to minimize LGT rate and this selection is
relatively inefficient (small downward
arrows). Again, depending on the cost
of minimizing LGT rate, realized rates will
be closer (scenario 3) or less close (sce-
nario 4) to the optimum rate.
How do the theoretical expectations for the evolution of mutation rate outlined above apply to
LGT rate in prokaryotes? Lateral gene transfer and gene loss events can have a range of fitness
effects (see Box 1 for a brief review of laboratory experiments). On average, gene transfers are
more likely to decrease fitness than are nonsynonymous mutations (although this is not always
true; in the case of antibiotic resistance, plasmids carry a lower fitness cost than do point
mutations on the chromosome [37]). However, it is likely that the proportion of changes with
strongly beneficial fitness effects is higher for LGT than it is for mutation. LGT events can result in
the uptake of whole genes, operons, plasmids, or ‘genomic islands’ [38], allowing for the
immediate gain of new functions which could have strongly beneficial effects when adapting to a
novel environment. For example, cryptic prophages in E. coli can aid the cell in withstanding a
variety of adverse environmental conditions [39]. The DFE of lateral gene transfers thus could
potentially be more conducive to the evolution of a higher optimal rate (Figure 2, Key Figure).

Whether bacteria classify as sexual or asexual in the context of the association of modifiers of
LGT rate with the rest of the genome has, to our knowledge, not been addressed. It could be
argued that LGT itself is a form of recombination, shuffling accessory genes across different
genomic backgrounds, and that linkage between LGT modifiers and the accessory genes
whose uptake they govern thus cannot be achieved. However, unlike meiotic sex, where
mutation rate modifiers are shuffled into a new genome every generation, it is conceivable that
a novel gene taken up by a recipient cell stays associated with that genomic background for an
appreciable time. This could mean that it is possible that prokaryotes have evolved high LGT
rates in order to secure the uptake of rare but highly beneficial genes (Figure 2, Key Figure) [21].
The concomitant influx of many more deleterious genes then is counteracted by purifying
selection either on the level of individual genes through gene loss or, more likely, on the level
of genomes through cell death.

An alternative explanation of the observed data is that the LGT rate is actually higher than the
theoretical optimum (Figure 1). The classic explanation of why mutation rates cannot evolve to be
lower based on the physiological costs associated with optimizing replication and repair fidelity
[34] could theoretically also apply to LGT. For instance, the mechanisms of resistance to mobile
genetic agents, such as transducing phage, are diverse and physiologically complex [29] and the
cost of complete protection against infection could be prohibitively high or simply impossible to
achieve [40]. However, this argument is less likely to hold for LGT mediated by transformation,
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Box 1. Fitness Effects of Changes in Gene Content: Experimental Evidence

Comparative genomics studies are suggestive of adaptive benefits of many of the observed changes in gene content in
free-living bacteria (e.g., [20,52,53]); however, it is obvious that such approaches are biased towards changes that have
been maintained over evolutionary time by selection [54]. Controlled experiments can circumvent this bias.

Gene Gain by Lateral Gene Transfer (LGT)
In an original approach dating from the era when it was still common to sequence prokaryote genomes to completion,
Sorek et al. used raw sequencing data of a large number of genome projects to identify which genes are under-
represented in clone libraries (necessitating subsequent noncloning-based resequencing) [55]. It could be shown that
specific gene families systematically failed to be cloned into the Escherichia coli host. When a subset of these genes was
artificially expressed in E. coli, the majority inhibited growth, indicating toxic effects. A bioinformatics survey could show
that these same genes were, on average, less widely distributed among species, confirming the generality of the
boundaries to their lateral transfer. This study demonstrates that a minority of introduced genes can have direct negative
effects on fitness. The actual number of genes resisting LGT must be higher when it is taken into account that the genes
under study here were physically forced into the host by electroporation and were present on plasmids, not the
chromosome.

In a more recent experimental study, Knöppel et al. [56] inserted Bacteroides, Proteus, and human intestinal phage genes
into a neutral site in a Salmonella genome, followed by growth rate measurements of the resulting mutants in competition
with the ancestral clone. Fitness effects were generally not significantly different from the control and were only in a
minority of cases slightly negative. It must be noted that the effect of gene disruption was not considered in this study and
that even fluorescence-activated cell sorting (FACS)-based competition assays, as used here, lack the power to detect
detect small, but nevertheless evolutionarily significant, fitness effects [56,57]. Most artificially introduced nonsynon-
ymous substitutions would probably not have yielded significant fitness effects either, even though it is well established
that the majority of such mutations are deleterious and removed over longer time scales [58]. However, this study does
indicate that it is likely that a sizeable proportion of foreign genes could be taken up and maintained for many generations
and serve as the raw material of adaptation.

Gene loss
High rates of observed gene loss can be explained by two general processes. In the first, genetic drift through frequent
population bottlenecks can cause deleterious loss of genes. This process has been experimentally observed in
Salmonella forced to undergo single-cell bottlenecks during laboratory evolution [59] and can be deduced from genome
data for endosymbionts and obligate pathogens. In a second process, referred to as genome stream lining, gene loss is
advantageous when it rids genomes of unused and metabolically burdensome genes. Again, in Salmonella, Koskiniemi
et al. could demonstrate that a large portion of randomly introduced deletions conferred significant fitness benefits [60].
Furthermore, during prolonged laboratory evolution, spontaneous deletions that increased fitness were observed. In
another evolution experiment using Methylobacterium, Lee and Marx found that portions of a megaplasmid representing
up to 10% of the genome were lost over the course of adaptation [61]. In a separate mutation-accumulation experiment,
in which selection was absent, no such deletions were observed. Both studies could verify the adaptive benefits of
deletions by reconstructing them in the ancestral strain and observing increased growth rate.

Key Figure

The Hypothetical Distribution of Fitness Effects for Point Mutations and
Lateral Gene Transfer (LGT) Events

Point muta�ons

Lateral gene transfer events

AdvantageousNeutralDeleterious

Figure 2. We might imagine that LGT
events are generally subject to stronger
positive and negative selection, and
hence that the distribution for LGT events
is more dispersed than the distribution for
single-nucleotide mutations.
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Outstanding Questions
What is the rate of lateral gene transfer
(LGT) per genome, per generation, for
different prokaryote taxa?

What is the relative contribution of the
different genetic mechanisms respon-
sible for LGT, and how readily could the
action of these mechanisms them-
selves be changed through gene gain
or loss?

How important is selection against indi-
vidual newly introduced genes (with
disruptive or toxic effects) relative to
selection against increasing genome
size per se (increased costs of replica-
tion and expression)?

Are rates of homologous recombina-
tion and LGT (nonhomologous recom-
bination) positively correlated?

Loss of competence genes has been
observed to be followed by loss of
CRISPR-Cas loci [47]. How do different
genetic mechanisms responsible for
LGT interact?

The uptake of genes is not random with
regard to genomic position [48]. Does
LGT take place in genomic hotspots,
and how would such linkage influence
LGT rate evolution?

Can environmental cues that result in
physiological upregulation of LGT pro-
cesses reveal the selective benefits of
these processes?

How important are compensatory
mechanisms such as ‘xenogeneic
silencing’ [49] in reducing the cost of
deleterious LGT events relative to
selection against novel genotypes?
which is under control of the cell itself [41]. Inactivating the ability to transform would lower LGT
rate and is expected to come at a direct fitness gain, and so the presence of this mechanism [42]
would argue against the scenario where selection to reduce the mutation rate is constrained (but
note that this reasoning ignores any potential benefits of transformation other than recombina-
tion, i.e., DNA repair or nutrition [43,44]).

Another explanation of how selection to lower mutation or LGT rate can be constrained comes in
the form of the drift-barrier hypothesis [30,31]. This hypothesis is based on the fact that the
fitness gains of achieving lower rates of change will become incrementally smaller, up to a point
where selection is unable to drive down rates of genomic change any further and rates of change
are solely influenced by drift [30,31]. The drift-barrier hypothesis predicts that species with high
effective population size Ne and therefore more efficient selection (the selection coefficient s
equals the inverse of Ne) have the lowest mutation rates. Although mutation rate indeed shows a
negative correlation with Ne, [30], it has been argued that observed genomic mutation rates are
higher than the theoretical minimum set by drift [35]. Regardless of the above disagreement, the
possibility that rates of gene content change could be high relative to point mutation in free-living
bacteria with large effective population size (e.g., Ne�107 for E. coli [45]) suggests that selection
does not act to minimize either LGT or gene loss or both (i.e., is not at the drift limit).

Concluding Remarks
Although there is a marked lack of available data on rates of LGT [46], analysis of closely related
genomes from a variety of species suggests that prokaryote genomes could potentially change
more rapidly due to lateral gene transfers than due to point mutation. Understanding the (in)ability
of selection to drive LGT rate has important implications for our understanding of a range of
topics in evolutionary microbiology, such as adaptation to novel niches (Box 2). It has become
commonplace to estimate the size of the core and accessory genomes of various bacterial
species based on samples of sequenced genomes (e.g., [6,7]). The finding that many accessory
genes are deleterious and transient means that the accessory genome does not constitute a
purely adaptive gene pool. As a consequence, it is likely that the accessory genome will continue
to increase as more strains are sampled not because accessory genes are advantageous, but
because there is essentially an infinite supply of deleterious genes available for uptake. Con-
versely, core genome size can be underestimated because at least some cases of gene loss are
deleterious.

The selective pressures underlying LGT rate have remained largely unexplored and are not
straightforward to tease out, especially as they are governed by multiple distinct mechanisms
which are under varying levels of evolutionary constraint [43]. To address the many outstanding
Box 2. Lateral Gene Transfer (LGT) and Adaptation

LGT has a crucial impact on ecological diversification and, over longer time scales, the evolution into more or less distinct
species [17,53,62]. Ecological adaptation is expected to occur especially rapidly when clones find themselves in a novel
niche filled with many previously not encountered species from which niche-relevant genes could be obtained [11,17,63].
It could be expected that in times of rapid adaptation, the LGT rate evolves to be higher (or is upregulated) whereas in
times of relative ecological stasis, LGT rates evolve to be lower. It has recently been demonstrated that natural variation in
transformation is under the control of multiple genes [64]. Multiple loci will form a larger target for mutation and LGT,
potentially allowing more efficient fine-tuning of a single optimum gene turnover rate (but note that when the rate of LGT
modifier turnover is too high it precludes selection for optimal rates). Alternatively, lineages could alternate between high
and low rates over short evolutionary time scales, akin to mutators periodically invading populations with low mutation
rate [65]. Great natural variation in the degree of transformation among clones in a variety of species has led to the
hypothesis that competent species continually give rise to noncompetent lineages which can have a short-term
advantage under conditions where little adaptation is required [47]. The finding that CRISPR-Cas loci preventing mobile
genetic element-mediated LGT events (e.g., [66]) can be gained or lost over short evolutionary time scales (e.g., [67])
could be consistent with this scenario.

Testing for selection in comparative
genomics studies generally relies on
traditional population genetics
approaches based on mutation in
homologous sequences. However,
solely employing core-genome-based
tests will give an incomplete and
biased view of adaptive evolution.
Can tests for selection that are based
on accessory gene content be devel-
oped (see e.g., [50,51])?
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questions (see Outstanding Questions), comparative genomics approaches could be used to
identify differences in LGT rates between species and correlate these with ecological and genetic
characteristics. Perhaps more promising are controlled experiments (Box 1) quantifying rates
of gene gain and loss, possibly in the form of LGT accumulation experiments (analogous to
mutation accumulation experiments). Understanding whether high LGT rates are primarily due
to fighting a losing battle against continuous invasion by selfish genetic elements, or due to
selection to obtain ‘rare gems’ amidst the rubble that is the community metagenome, will be of
fundamental importance to the study of prokaryote evolution.
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