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The pervasive nature of bacterial recombination has become clear. Despite this, the popu-
lation genetics of bacteria persist in being viewed as simple. Here, I argue against that
characterization. After summarizing the history of the topic, I survey the evidence for re-
markable and unexplained variation in recombination rate among and within bacterial
species. I finally argue that despite recent assertions that recombination means bacterial
genes are “public goods,” in bacteria the level of selection is the gene, and genes can be
understood to have niches with dimensions including the other contents of the genome in
which they find themselves.

The most outstanding feature of life’s history is a cons-
tant domination by bacteria.

—Stephen Jay Gould

Bacteria are supposed to be simple. Toward
the front of biology textbooks, we often find

a diagram contrasting the eukaryotic and pro-
karyotic cell. Next to its larger relative, with its
nucleus and organelles, the bacterial cell looks a
little sad and featureless. A single, circular, hap-
loid chromosome sits as a nucleoid, perhaps
accompanied by a smaller plasmid (Fig. 1).
The text makes it plain that, compared with
eukaryotes, the genetics of bacteria are an easy
affair. Genomes are smaller, with less selfish
DNA, and evolution is clonal, or nearly so.

Except there is no such thing as a typical
bacterium. We can get a hint of this from rep-
resentations of the tree of life (Fig. 2). Let us set
aside for the moment the controversies over that
tree (Koonin and Wolf 2009; Ochman 2009),

and note that almost all the diversity in this
tree is microbial, with the things we can see
with the naked eye being limited, in the example
here, to just three taxa at one end: Homo, Zea
mays, and Coprinus are separated by relatively
short branches.

Not only are the bacteria highly diverse
when comparing species or genera, bacteria
vary greatly in the genetic diversity maintained
in populations. Some are monomorphic; Myco-
bacterium tuberculosis is the canonical example
(Achtman 2008), whereas others such as Heli-
cobacter pylori are extremely variable (Israel
et al. 2001; Suerbaum and Achtman 2004).
Contrary to the textbooks, bacteria can be dip-
loid, albeit homozygous (Tobiason and Seifert
2010). In some cases, chromosomes and plas-
mids are linear (Hinnebusch and Tilly 1993)
and among Spirochetes of the genus Borrelia,
numerous. The genome can be made up of as
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many as 24 separate linear DNA molecules
(Chaconas and Kobryn 2010). Plasmids need
not be small—some are larger than the entire
chromosome of many species (Rosenberg et al.
1981; Romanchuk et al. 2014). And, although
bacteria do not engage in the reciprocal ex-
change of genetic material at meiosis, which
is the case in sexually reproducing organisms,
they have a multitude of mechanisms by
which DNA from one lineage can find its way
into another, in which it may have a major im-
pact on fitness. As it has been memorably put
“bacteria may not have sex often, but when they
do, it can be really good . . .” (Johnsen et al.
2009). This bacterial “sex” or recombination is
the subject of this essay.

As a result of its central role in the story of
molecular biology, almost every microbiologist
has probably at some point casually assumed
that all bacteria are like Escherichia coli. It is
sometimes a struggle to recall that it is only
one species, and not necessarily typical. The
pneumococcus (Streptococcus pneumoniae) is
another important model organism that, unlike
E. coli, is naturally competent, meaning it takes
up DNA from its environment and is “trans-
formed” by it (Griffith 1922; Claverys et al.
2009), and investigations into the mechanism
by which it occurred led to the classic work

showing that DNA is the genetic material (Avery
et al. 1944). We can imagine a counterfactual
history in which, instead of E. coli becoming
the workhorse of molecular biology, the pneu-
mococcus with its inbuilt ability to take up DNA
had that honor. Microbiologists in this alternate
universe might have considered transforma-
tion and competence to be the norm. Plasmids,
which are scarce in the pneumococcus (Clewell
1981), might have been considered a peculiar
aberration rather than a common feature of bac-
terial life. Eventually, as people examined more
and more bacteria, we would have discovered the
extraordinary diversity of the ways they generate
the variation that is the raw material natural se-
lection works on, and we would have wondered
how anybody could consider them “simple.”

WHAT IS RECOMBINATION IN BACTERIA?

Despite the evident diversity of bacterial sexual
processes, the ubiquity of bacteria in all eco-
logical processes, their essential functions in
our own microbiota and the fact they kill us
in our millions, references (especially quanti-
tative) to bacteria in the population genetics
literature are remarkably scant. I have six ex-
cellent population genetics textbooks in easy
reach of my desk (Crow and Kimura 1970;
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Membrane-
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Figure 1. A typical figure contrasting the complexity of the prokaryotic cell (left) with that of the eukaryote
(right). This example is drawn from Wikimedia Commons, but similar images decorate many textbooks, with
especially nice examples being found in Lodish (2003) among others. (From the Science Primer, a work of the
National Center for Biotechnology Information, part of the National Institutes of Health. As a work of the U.S.
Federal government, the image is in the public domain.)
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Gillespie 2004; Hartl and Clark 2007; Hamilton
2009; Charlesworth and Charlesworth 2010;
Nielsen and Slatkin 2013), bacteria earn a
specific reference in only three. Looking at the
index of each of the three books that do men-
tion bacteria or prokaryotes, we find a total of
12 pages. This is partially because the popula-
tion genetics of bacteria, so far, as point muta-

tions are concerned, are not fundamentally
different from that of other organisms. They
are just (mostly) haploid. The problem arises
when we start considering multiple genes or ge-
nomes, at which point recombination becomes
important.

In the discussion that follows, I will use re-
combination as a catchall term for mechanisms
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Figure 2. The tree of life determined by analysis of 16S rRNA sequences. The three taxa circled are those
representing plants, animals, and fungi. As can be seen, the great majority of diversity, at least as assessed by
this metric, lies elsewhere. (From Pace 1997; modified, with permission, from The American Association for the
Advancement of Science # 1997.)
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that take genetic material from one genetic
background and insert it into another. I broadly
consider “genetic material” as anything contrib-
uting to a character state, including deletions as
well as gene conversion and insertions. Howev-
er, for context, we will briefly consider the classic
division of recombination events into different
types: homologous versus nonhomologous or
illegitimate recombination, the latter often be-
ing termed horizontal gene transfer (HGT). It
is helpful to distinguish between the processes
by which DNA enters the cell, and what it does
once inside. When thinking about DNA getting
into a recipient cell we usually think of the three
mechanisms of transformation, conjugation,
and transduction. Each of these is then associ-
ated with the gain of particular classes of loci:
the uptake of DNA from the environment by
transformation is associated with homologous
recombination and as a result tends to transfer
DNA among close relatives, while unlike ho-
mologous recombination, the phage that medi-
ate transduction can insert into the genome
without regard for things like sequence identity.
Conjugation is associated in the minds of many
with plasmid transfer. These tidy divisions do
not survive close inspection for very long.

WHEN IS HOMOLOGOUS
RECOMBINATION NOT HOMOLOGOUS?

recA-mediated recombination is often de-
scribed as “homologous.” The process involves
the insertion of single-stranded DNA (ssDNA)
into the genome through the formation of a
heteroduplex, in which a high degree of se-
quence identity is of crucial importance. Al-
though larger fragments are less efficiently
transferred, roughly linearly declining with tract
length, the efficiency of recombination drops
much more rapidly with declining sequence
identity; for taxa as varied as Streptococci, Ba-
cillus, and E. coli, the efficiency of recombina-
tion consistently declines in log-linear fashion
(Majewski and Cohan 1998, 1999). However,
the importance of sequence identity is not cons-
tant across the inserted DNA; it is only with-
in minimum efficiently processed segments
(MEPS) at flanking regions of the inserted

DNA. MEPS are tens of base pairs in length
(specifically 26/27 for the recBC-dependent
pathway in E. coli [Shen and Huang 1986])
with differences at the 50 end being apparently
less important than the 30 (Sagi et al. 2006).

Much of the literature refers to recA as seek-
ing “homology,” but this is obviously not nec-
essarily the case. It seeks sequence identity, and
homology is one way that this can be achieved.
The confusion is understandable, but mis-
leading. Given limits to DNA uptake (some of
which, such as uptake sequences and pherotype,
are discussed below), that mean the majority of
DNA taken up is conspecific, the great majority
of transfers are going to be of regions that are
genuinely homologous. But the regions between
the MEPS certainly need not be. For an example
of this, consider the region in the pneumococcal
genome that encodes the genes that make a
complex polysaccharide capsule. The capsule is
the major surface antigen of that pathogen, and
the target of existing vaccines. These capsule loci
are extremely variable, with .90 known that are
distinguishable by serology. They lie in a specific
region of the genome, flanked by the dexB and
aliA loci (Bentley et al. 2006). These two genes,
as well as the first few regulatory genes of the
capsule locus proper, are highly conserved.
Hence, they are a good source of MEPS for in-
coming DNA, and indeed recombination at this
locus leads to changes in capsule and the result-
ing serotype (Coffey et al. 1998), with conse-
quences including vaccine escape (Bruegge-
mann et al. 2007; Croucher et al. 2011, 2013). Al-
though the sequence identity that produces this
fertile ground for recombination is undoubted-
ly the result of homology, this is not the case for
all of the transferred loci that make up the cap-
sule. The capsule genes contain multiple diver-
gent and nonhomologous groups, including
many glycosyltransferases, polysaccharide poly-
merases, and initial transferases, as well as the
flippase that “flips” the complex final structure
outside the cell once it has been built in the
cytoplasm. The entire capsule locus varies in
size from just .10 kb (serotype 3) to .30 kb
(serotype 38) (Fig. 3). In the many cases known
in which a pneumococcal lineage has changed
its serotype through recombination, it makes
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little sense to think of the transferred segment as
“homologous,” even if the function of the re-
sulting structure is similar. Indeed, two sero-
types make use of a different pathway entirely
in capsule production and one of them (sero-
type 37) requires loci elsewhere in the chromo-
some (Dillard et al. 1995; Llull et al. 2001).

Sequence identity is required for recA-me-
diated recombination, and in the great majority
of cases such identity will be the result of ho-
mology. But, although the majority of recom-
bination events mediated by this mechanism
will almost certainly transfer homologous loci
between strains of the same species, this need
not always be the case. We will return later to ask
how much recombination might happen within
clones, between isolates that are genetically very
similar or identical, and that as a result is diffi-
cult or impossible to detect.

The ability of transducing phage to transfer
genetic material among strains was recognized
early on (Zinder and Lederberg 1952), and we
now know of a bewildering array of mobile
elements in many different classes, capable of
mobilizing themselves and other genes (Dar-
mon and Leach 2014). The various ways these
elements insert into their recipient sequence
means they are not limited by the strictures of
sequence identity. But, provided the regions that
flank the insertion site are sufficiently similar,
there is no reason following insertion they may
not then also be transferred by “homologous”
recombination into lineages that lack them. The
extent to which this happens in nature is not
clear. One way to ask the question is to investi-
gate whether there is evidence of phylogenetic
incongruence among genes flanking the trans-
ferred element, such as has been reported in
E. coli (Touchon et al. 2009). The amount that
this has contributed to the observed distribu-
tion of elements in nature requires further and
more systematic investigation.

In both transformation and transduction,
there are multiple ways the donor DNA can en-
ter the cell. Plasmids and other elements trans-
ferred by conjugation can encode the machinery
for their own mobility. It is worth noting that
plasmids are not the only things that can be
transferred by this route. The large and growing

numbers of integrative and conjugative ele-
ments (ICEs) also transfer by conjugation (Gu-
glielmini et al. 2011). Further confusion in dis-
tinguishing homologous and nonhomologous
recombination events arises from the ob-
servation of homology-facilitated illegitimate
recombination (HFIR), in which homologous
recombination occurs at one end of the inserted
DNA, but not the other (Prudhomme et al.
2002; Harms et al. 2007).

Although the above sketches the complexity
and some of the overlap between the canoni-
cal three modes of transfer, there is evidence
for others that at present we can only guess at.
A classic case is an Staphylococcus aureus clone
generated by a recombination event 500 Mb in
size, or nearly a quarter of the chromosome
(Robinson and Enright 2004). Further study
of population genomic data sets in the pneu-
mococcus suggests that there is more than one
mechanism contributing to the ongoing diver-
sification, with short frequent inserts being dis-
tinct from large and infrequent ones (Mostowy
et al. 2014). Finally, we have much to learn about
the possible frequency and importance of small
illegitimate recombination events (Overballe-
Petersen et al. 2013).

HOW MUCH RECOMBINATION?
VARIATION AMONG SPECIES

Although it is obvious that recombination can
contribute to observed diversity, and the exam-
ples of horizontal transfer of resistance loci and
other highly selected features makes it evident
that it has actually performed so, it is a harder
question to quantify how much of the variation
we observe in nature has been produced by re-
combination. In particular, the extent of recom-
bination at housekeeping loci was unknown
until suitable data became available on allelic
variation in natural populations.

A simple way to assess the contributions of
recombination to a data set is to ask whether the
character state at one locus is correlated with
that at another: Are they in linkage disequili-
brium (LD)? This can be quantified using the
index of association (IA) (Brown et al. 1980).
LD is important in eukaryotic genetics because
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it delivers information about the linkage be-
tween traits important in mapping the locations
of different genes on the chromosome—loci
further apart are more likely to lose any associ-
ation in their character states because of an in-
tervening crossing-over event. In eukaryotes,
such events are coupled to reproduction and
so happen at each generation. In contrast, bac-
teria undergo no such progress and for the most
part recombination in which it does occur is
more like gene conversion than meiosis. Hence,
it was unsurprising that early studies in E. coli
suggested that LD was extremely significant and
consistent with “clonality” (Selander and Levin
1980).

This conclusion, however, misses the im-
portant fact that recombination in bacteria is
fundamentally different to that found in organ-
isms that undergo meiosis, with homologous
recombination being equivalent to gene conver-
sion rather than crossing over. Hence, we should
not think of organisms as being divided into
clonal and nonclonal, but instead recognize
clonality as a matter of degree, based on the
frequency with which recombination has con-
tributed to the history of a population. This
approach, taken in an extremely influential pub-
lication (Smith et al. 1993), was to ask how
much recombination might be consistent with
the superficial appearance of clonality. The
answer turned out to be surprisingly high. Re-
combination could alter loci 10 to 20 times
more often than mutation without removing
significant LD. So, can we estimate how often
a gene (or site) changes by recombination, rel-
ative to mutation? This is commonly written as
r/m or the relative recombination rate.

Estimates of the r/m reveal a spectrum of
clonality. At one end we have M. tuberculosis,
which is considered to undergo recombination
vanishingly infrequently, if at all, while at the
other we have H. pylori, which has cleared the
hurdle set by the IA and is panmictic (Smith
et al. 2000). The study of recombination at the
start of this century was greatly aided by the
existence of large data sets of allelic variation,
collected for the purposes of molecular epide-
miology and focusing on housekeeping genes.
This is important because, to assess baseline

rates of recombination, we need to separate it
from selection. There is a great deal of diversity
and, not surprisingly, inferred recombination at
or around many antigen genes, but this is
skewed by the process of diversifying selection.

It is simple to estimate relative recombina-
tion rates from the allelic variation at multiple
housekeeping loci. Briefly, if two strains are
identical at all loci except one, but that one locus
differs at multiple sites, then we can say with
confidence that it is vanishingly unlikely that
the slow random process of mutation would
have generated this by chance, but left the other
loci unscathed (note that if the locus in question
was under strong diversifying selection, this
would not be the case). Instead, it is more likely
that such multiple changes were introduced by
recombination. Cases in which the alleles differ
at a single nucleotide may be caused by muta-
tion, or possibly recombination with a very sim-
ilar locus. The contribution of the latter can be
estimated by examining whether the allele in
question is found in other distantly related lin-
eages (homoplasy). These approaches were used
to estimate the rate of recombination relative to
mutation (the r/m) for many species.

The results show the spectrum of clonality
in more detail. S. aureus is revealed to be almost,
but not quite, completely clonal. With an r/m of
0.7, it experiences recombination much less
frequently that the important pathogens and
components of the nasopharyngeal flora S.
pneumoniae and Neisseria meningitidis, which
were found to have r/m’s closer to 10 (the exact
figures can differ slightly depending on the sam-
ple) (Feil et al. 1999, 2000; Feil and Spratt 2001;
Feil and Enright 2004).

An alternative way of estimating recombina-
tion from a sample of allelic variation at multiple
loci is to examine its impact on the distribution
of allelic mismatches. In a sample from k loci,
this is the proportion F of the sample that differs
at i of k loci. It is intuitively easy to understand
that, as recombination increases, the impact on
this distribution will be to make it unlikely that
two randomly picked isolates have no alleles in
common at all; recombination should mean
they share at least some variation with other
members of the population, even if they are
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not closely related at other loci. This produces
the following formula for the resulting equilib-
rium mismatch distribution of a sample (de-
rived in Fraser et al. 2005):

Fi
k ¼
ði� kþ 1ÞuFi

k�1 þ irðFi�1
k F1

0 þ Fi�1
k�1F1

1Þ
1þ ði� kÞuþ ir

;

where u and r are, respectively, the population
mutation and recombination rates. Fitting the
observed distribution to the predictions of this
formula produces estimates of the relative re-
combination rate that are independent of the
empirical method described above and, com-
fortingly, the estimates from the two approaches
are similar. Figure 4 is drawn from a publication
that applies the method to a wider panel of spe-
cies (Hanage et al. 2006), illustrating how much
recombination rates can vary among species,
and also the impact on the overall diversity ob-
served in natural populations.

Here, diversity means the probability of two
randomly sampled isolates being identical at all

loci (Simpson’s D). This is important because
people commonly assert that a lack of variation
is a mark of clonality, but this is not the case. The
confusion is linked to the fact that recombina-
tion is easier to observe in populations in which
there is a large amount of variation to shuffle
into different genomic backgrounds. Consider
the example of Burkholderia pseudomallei, a soil
saprophyte that shows little nucleotide diversity,
but was nevertheless found to have the highest
relative rate of recombination of the species con-
sidered in this study, an observation later con-
firmed and extended with genomic analyses
(Pearson et al. 2009). This points to a recurrent
issue with the study of (homologous) recombi-
nation. How much of it is undetectable? We can
only, by definition, identify recombination
where it has introduced variation (and some-
times not even then). A large amount of recom-
bination may be within lineages, replacing like
with like, and therefore undetectable.

Data sets comprising hundreds or thou-
sands of bacterial genomes are now becoming
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from the author.)

W.P. Hanage

8 Advanced Online Article. Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101/cshperspect.a018069

 on October 14, 2024 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


common. Such population genomic samples
have been especially valuable for studying re-
combination over the short term, within indi-
vidual lineages. This is because in such samples
it is relatively easy to detect recombination as
tracts of anomalous sequence. In spirit, this
approach has much in common with that of
Feil et al. (1999, 2000), but including the entire
genome. Once anomalous sequence has been
removed, the remaining parts of the genome
will be the clonal frame, in which variation
has accumulated only by mutation, and this
can be used to make a phylogeny. The programs
CLONALFRAME (Didelot and Falush 2007;
Marttinen et al. 2012), BRATNextGen (Mart-
tinen et al. 2012), and GUBBINS (Croucher et
al. 2015b) all follow this general approach.
Although CLONALFRAME was the first to be
developed, it was not designed to be used with
whole genomes and, hence, can struggle with
larger data sets. However, the other two follow
the idea it pioneered, of identifying variation
that appears to have originated outside a line-
age and removing it. GUBBINS does this sim-
ply by identifying regions in an alignment,
where there are more single nucleotide poly-
morphisms (SNPs) than would be expected
given the assumption of an equal rate of muta-
tion across the genome. The putative recombi-
nant regions are removed, while the remainder
are used to build a phylogeny, onto which re-
combination events can then be mapped. GUB-
BINS and CLONALFRAME make no effort
to identify the origins of the recombined se-
quence. In contrast, BRATNextGen character-
izes the variation across the sampled genomes
in terms of the frequencies of different poly-
morphisms. This means that recombined re-
gions can then be said to contain polymor-
phisms characteristic of another population in
the sample (or an unsampled population). The
tree constructed from the remaining clonal
frame is similar to that obtained with the other
two methods.

The results of such methods are subject to
important caveats. All rely on identifying
“anomalous” variation, although they differ in
how they do so. We can easily see that they will
struggle in species (or regions of the genome)

that show little variation. We should recall that
recombination is not the only means by which
excess variation is generated. Antigen genes are
typically subject to diversifying selection and
hence contain an excess of polymorphisms
that may or may not have been introduced by
recombination. Although these methods can be
used to generate an alignment “cleaned” of
SNPs that may distort the true phylogeny, we
should be cautious in assuming all such varia-
tion is the result of recombination. Methods
that claim to identify the origins of recombined
sequence will only do so if the origin is in the
data set under analysis. And if there is more than
one lineage that is a possible origin, there is no
obvious way to distinguish among them.

VARIATION IN RECOMBINATION RATE

Using the same methods to examine other ge-
nomic data sets reveals a striking variation in the
degree to which recombination has contributed
to the history of a pneumococcal clone. A study
of more than 600 genomes from pneumococci
sampled from Massachusetts children found
that the r/m, estimated as above, ranged from
34.06 to 0.06, with the majority being around
10. The highest was found in a lineage that had
since vaccination become the most prevalent in
carriage, and an important cause of invasive
disease (Hanage et al. 2011). There was no
obvious reason for the differences, although it
is interesting to note that the lineage with the
highest relative recombination rate was also
resistant to multiple classes of antibiotics, an
important cause of invasive disease, and had
changed its major surface antigen by homolo-
gous recombination (allowing it to thrive in the
presence of a vaccine that targets the antigen
found among its ancestors). Such variation in
recombination rate is not limited to pneumo-
coccus and can happen even within a single
closely related lineage. As noted previously,
S. aureus is usually considered to recombine
infrequently and be predominantly clonal, yet
a study of genomes of the major MRSA lineage
ST239 found great variation in the recombina-
tion observed in different sublineages associat-
ed with different geographic regions, and that
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this variation involved both core loci and acces-
sory genes associated with mobile elements
(Castillo-Ramirez et al. 2012).

To an extent, this should not be surpris-
ing. Transformation rates as measured in the
laboratory are known to vary among strains.
However, differences in the rates with which re-
combination impacts the genome are lineage
specific and maintained such that more closely
related strains are more likely to have a similar
recombination rate. In most cases, the mecha-
nisms behind the variation are not clear. There
are multiple ways in which recombination rates
might be influenced, and we can divide them by
whether or not they arise from factors intrinsic
to the organism, such as the process of DNA
uptake and its insertion into the recipient’s
genetic material, or factors related to ecology.
The latter arise from the fact that in most cases
the donor and recipient cells need to be in close
proximity to one another, so organisms that
inhabit different niches are unlikely to engage
in the transfer of genetic material. In practice,
this is hard to define with precision, because
vectors such as transducing phage can in theory
transfer material between organisms that in-
habit different niches. An example of an appar-
ent ecological barrier to recombination is that
which exists between two distinct lineages of
Campylobacter jejuni: ST45 and ST21. Although
some C. jejuni show a clear association with
specific host species, strains in these lineages
are retrieved from chickens, cattle, and the
environment, suggesting they are generalists.
Despite this apparent niche overlap, there is
scant evidence of any recombination between
the two, although there is ample evidence for
both of recombination with the other, host-re-
stricted, lineages. ST21 and ST45 strains can be
shown to recombine under laboratory condi-
tions, and so the absence of recombination in
nature has been taken to be evidence of an eco-
logical barrier (Sheppard et al. 2014); the two
lineages must not encounter each other often
enough for recombination to occur, presum-
ably because of some niche variation in addi-
tion to host tropism. The two lineages show
marked differences in genes encoding vitamin
B5 biosynthesis, and it is possible that these

produce the effective ecological barrier between
them (Sheppard et al. 2013). Inferring niche
structure, through apparent barriers to recom-
bination that cannot be explained by intrinsic
factors, will be an interesting and unanticipated
use for population genomic data.

Examples of “intrinsic” barriers include re-
striction modification systems (Oliveira et al.
2014), or responses to peptide hormones asso-
ciated with quorum-sensing systems that gov-
ern the initiation of competence (Havarstein
et al. 1997). However, it is easier to assert that
these factors must limit the horizontal transfer
of genes than to actually show that it has oc-
curred. A recent exhaustive study of restriction
modification systems in the pneumococcus
found considerable variation among lineages,
but no consistent association with recombina-
tion rates (Croucher et al. 2014). We also know
that competence in pneumococcus is activated
by binding of a peptide hormone to a two-
component regulatory system encoded by the
comCDE genes, and that these exist in multiple
combinations of cognate hormones and recep-
tors leading to different pherotypes. But wheth-
er these influence transfer in nature is contro-
versial (Carrolo et al. 2009; Cornejo et al. 2010).
Certainly, the relative rate of recombination
does not substantially vary between the major
pherotypes (Croucher et al. 2014).

Another intrinsic barrier, found in the Neis-
seria and Pasteurellaceae, is a bias of DNA up-
take machinery to recognize and bind specific
short motifs termed “uptake” sequences (Smith
et al. 1999). Recombination occurs more effi-
ciently with DNA containing these sequences,
and they comprise �1% of the genome in those
species that make use of them. As a result, these
organisms preferentially take up conspecific
DNA. Notably, this barrier is leaky, such that
DNA from other species does occasionally
make its way into the cell and becomes incor-
porated into the genome. Perhaps the best-
known example of an intrinsic barrier, even if
it is not often considered as such, is the steep
decline in the efficiency of homologous recom-
bination with sequence divergence of the flank-
ing regions. This, however, will be no defense
against transfer mediated by mobile elements.
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The above has discussed ways in which rates
of recombination between a specific donor and
recipient may be impeded. But, it is possible for
a formerly recombining taxon to lose this trait
through lesions in genes governing the process.
Two examples are noted in the PMEN-1 data set
(Croucher et al. 2011). The frequency of such
events is not known with any accuracy. Nor do
we have a good understanding of the long-term
future of a formerly recombining clone that
loses this trait.

THE REASONS FOR VARIATION
IN RECOMBINATION RATE

Mutation rates in bacteria seem to be relatively
constant across taxa, with exceptions being or-
ganisms such as H. pylori that seem to lack typ-
ical machinery to repair errors (Drake 1999)
(lesions in which also result in transient hyper-
mutator lineages in many species [Sundin and
Weigand 2007]). In contrast, the observed rates
of intrinsic recombination vary greatly even
within named species, for reasons that are not
known. Given that the intrinsic rate of recom-
bination is under the control of the cell, this
should reflect natural selection. Mutation rates
are controlled by selection, what about recom-
bination?

The evolution of sexual reproduction has
long troubled evolutionary biologists, who are
confused as to why a process that lowers the
probability of a successful gene getting into
the next generation should be so pervasive.
The processes of recombination that we are dis-
cussing here are often described as “bacterial
sex” or “parasexual,” and although recombina-
tion is also an important part of sexual repro-
duction it is a mistake to draw the parallels too
closely. The processes of horizontal transfer we
have described here are not reciprocal but di-
rected, and can both alter existing genes in a
lineage and introduce wholly new ones to it
(Narra and Ochman 2006). As such, they are
fundamentally different from the replacement
of homologous genes that is the outcome of
meiosis. Homologous recombination in bacte-
ria is more akin to gene conversion than the
large crossover events we observe in sexually

reproducing eukaryotes. And as noted above,
homologous recombination is also capable of
adding or removing genes. Although the out-
come of recombination in bacteria and sexually
reproducing eukaryotes is different, the homol-
ogy of many of the proteins involved (such as
recA) indicates some deep similarities.

There are multiple explanations for the
prevalence of sex (an excellent summary is to
be found in this introduction to a special sym-
posium issue of American Naturalist on the top-
ic [Otto 2009]), but two are of particular inter-
est. The first is that recombination removes
deleterious mutations and the second is the
red queen hypothesis, in which recombination
is a source of variation that accelerates adapta-
tion, enabling survival in a rapidly changing
environment. The contention that homologous
recombination in bacteria is necessarily a source
of variation is faulty. As shown in Figure 4, the
contribution of recombination to diversity
depends on how much diversity has arisen
through mutation. Further, studies of how spe-
cies clusters form in the presence of recombina-
tion show how it can prevent divergence (Fraser
et al. 2007, 2009), because a divergent locus af-
fected by recombination will most likely be
replaced with variation that is typical of the spe-
cies as a whole, a sort of “regression to the ge-
nome mean.” These simulations, however, con-
sider the neutral situation. There is good reason
to believe that in the case of adaptation, or re-
combination that might pick up loci under se-
lection, the situation would be different (Levin
and Cornejo 2009). Some empirical evidence
for this is that, in pneumococcus, strains that
harbor atypical variation at housekeeping loci
that is consistent with a higher recombination
rate across the genome are significantly more
likely to be resistant to multiple classes of anti-
biotics (Hanage et al. 2009). Notably, the resis-
tance mechanisms include those encoded by
core loci such as penicillin binding proteins,
but also those that are part of the accessory
genome and carried on mobile elements (eryth-
romycin and tetracycline resistance), suggesting
a link between the uptake of mobile elements
and homologous material elsewhere in the ge-
nome. Direct laboratory experiments have
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shown that recombination aids adaptation in
H. pylori (Baltrus et al. 2008). This is consistent
with theory; when homologous recombination,
at rates typical of those observed in organisms
like E. coli, H. influenzae, B. subtilis, or pneu-
mococcus is introduced to models incorporat-
ing selection, it can accelerate adaptation (even
if it incurs a fitness cost) (Levin and Cornejo
2009).

Hypotheses for the origins and maintenance
of homologous recombination need not be
mutually exclusive, and the two we have consid-
ered here are especially well matched. To recap,
homologous recombination requires flanking
regions of near complete sequence identity,
but is unperturbed by the sequence in between.
Hence, although it normally transfers homo-
logous sequence, it can lead to acquisition
of accessory genes, perhaps explaining the ob-
servations of resistance encoded by mobile
elements, but associated with homologous re-
combination described above (Hanage et al.
2009). Although homologous recombination
efficiently generates novel genetic combina-
tions, it still requires the raw material of varia-
tion produced by other means. Finally, if mixing
is random, recombination is most likely to re-
place a locus with one that is common and,
because of this, it can limit diversification. In-
deed, we do not know how much homologous
recombination is invisible because the donor
and recipients are identical.

Taken together, these features suggest a
combination of a red queen hypothesis with
the purging of deleterious variation, considered
at the level of individual genes. Variable gene
content is a feature of bacteria, and the genes
in question may sometimes be deleterious and
sometimes not. Recombination may be a re-
sponse to this, such as in a case in which the
transferred material is beneficial (such as mac-
rolide resistance loci in the presence of a macro-
lide) and leads to relative success, it is rapidly
spread to neighbors lacking it. In the situation
in which a gene is acquired, which is deleterious,
we might imagine a cost to resistance in the
absence of drug then the gene could be deleted
by homologous recombination with clone
mates lacking it. Crucially, these neighbors

will in most cases be identical at the loci encod-
ing the recombination machinery. If homolo-
gous recombination is sufficiently frequent, it
might act to both clear deleterious genetic ma-
terial, and spread that which is beneficial,
among strains that share appropriate compe-
tence genes, uptake sequences, and the like.
The idea that homologous recombination
might be an advantage in a situation in which
the same gene can vary in selective value has
conceptual similarities with phase variation or
contingency loci (Moxon et al. 2006). Both are
means of generating variation in the popula-
tion, and both can generate a subpopulation
that is maladapted. But for them to spread,
the advantages must outweigh the costs (Wolf
et al. 2005; Carja et al. 2014).

Although this and other hypotheses pro-
duce persuasive explanations for why homolo-
gous recombination is present, there is no
satisfactory explanation for why it varies so
much between species. If it aids adaptation in
H. pylori, why would it not be similarly benefi-
cial for other organisms to have the same very
high rate of recombination? What is it about the
biology of H. pylori that selected for this trait?
The question is even more acute when concern-
ing variation within species (or even individual
lineages). What selective force leads isolates
from different lineages of the same organism
that inhabit (to our clumsy human eyes at least)
the same niche and face the same challenges to
consistently differ in their relative recombina-
tion rates by orders of magnitude?

RECOMBINATION: THE IMPLICATIONS

The presence of recombination is often taken to
mean that representing the phylogenetic history
of a lineage as a bifurcating tree is fundamentally
wrong, with the alternative being a network rep-
resenting the ancestral recombination graph.
This objection can be overstated. If the contri-
butions of recombination can be removed, the
remaining clonal frame can be entirely legiti-
mately used to infer a tree. In some cases, how-
ever, the clonal frame may be very small or
nonexistent. The study of the pneumococcal
PMEN-1 resistant clone, using population ge-

W.P. Hanage

12 Advanced Online Article. Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101/cshperspect.a018069

 on October 14, 2024 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


nomics to identify potentially recombining re-
gions, found that .70% of the genome was
inferred to have been replaced by recombination
in at least one isolate (Croucher et al. 2011). This
was estimated to have happened in �40 years.
In a larger sample, or one with a common an-
cestor more distant in time, it is easy to imagine
the clonal frame could shrink to nothing. This
represents a horizon beyond which we are un-
able to make meaningful phylogenetic inferenc-
es about the strains within a species, and, in the
cases of recombining organisms such as many of
those discussed here, it is likely recent enough to
pose a problem. For organisms like these, the
precise relationships between deep branching
major clades should be viewed with caution.
This does not, however, necessarily impact the
study of the relationships between species, as the
great majority of recombination events are con-
specific.

Having said that, given the great antiquity of
life on earth, can we be certain that interspecific
transfer has not happened at least once in the
history of any locus in any bacteria? What does
this mean for the tree of life, and to what extent
has our view of biology been distorted by the
acceptance of that tree? An important, even es-
sential, tool to evolutionary biologists is homol-
ogy, which is famously asserted to be indivisible.
Two genes are either homologous or not. But
this is nonsense as soon as we accept that se-
quence, rather than genes, is homologous. In
fusion proteins, different parts of the genes
have different ancestors and, hence, different
homologs. Such events will be systematically
undetected by methods that assess homology
over the entirety of a locus, even though there
is good evidence that once this requirement is
relaxed previously undetected networks of gene
remodeling are revealed (Haggerty et al. 2014).

The prevalence and importance of recombi-
nation at all time scales but the most recent has
led some to decry “tree-thinking” and advocate
for a view in which genes are “public goods”
shared among organisms (McInerney et al.
2011). The grounds for this are that the univer-
sal nature of the genetic code means that any
sequence is, in principle, interpretable and
could be used by any organism—it is “nonex-

cludable.” Moreover, the presence of sequence
in one organism does not deny it to others—a
property described as “nonrival” but which has
potentially confusing implications about com-
petitive interactions. The terminology is bor-
rowed from the theory of public goods in eco-
nomics. This has some appeal, as it definitively
uncouples the gene from its immediate genomic
environment and encourages us to think of its
potential value elsewhere. The proponents of
the public goods hypothesis argue that many
other theories, including the tree of life, selfish
operons, and mobile elements, are regionalized
instances embedded within the overarching
framework they propose. However, it is not
clear that satisfying the conditions of neither
excluding nor rivaling in the terms above is suf-
ficient to classify a gene or other sequence of
DNA as a public good in anything other than
a metaphorical sense. The framework also
makes no mention of emergent properties that
could violate the two conditions; a gene for a
toxin, for instance, is excluded unless the strain
harboring it also has the antidote. And, al-
though the presence of a gene in one strain
may not formally deny it to others, difference
in overall fitness of those strains whether di-
rectly following from the gene or not would
have the effect of doing so because one or the
other would be outcompeted. Although public
goods sound appealing, it is not easy to define a
priori the public that benefits. While we can
certainly point to widely distributed genes and
infer that they have benefited the “public” that
consists of the diverse genetic backgrounds in
which they find themselves, this is a circular
argument. Objections such as these can be ar-
gued as special, local cases of the overall theory,
but a theory that can be made so flexible it ex-
plains everything has limitations as a guide for
future research.

NICHES FOR GENES

The public goods hypothesis is a response to the
evidence of widespread horizontal gene trans-
fer, and when it comes to explaining this obser-
vation it does a very good job. A similar argu-
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ment can be made, however, from an almost
completely opposite perspective.

The public goods hypothesis is, at root,
group selection. The idea that genes are good
for some “public” implies that it is the public
that benefits and, where evolution is concerned,
that means selective benefit. The debates about
the levels of selection have only brushed against
microbiology, partially because the assumption
of high levels of linkage makes it hard to con-
sider a gene independently of its neighbors. In
other fields of biology, selection at the level of
the gene is widely accepted as a useful, perhaps
the most useful, way to consider these questions
(Okasha 2008). How might they be applied to
bacteria?

A major difference between bacteria and eu-
karyotes is their variation in gene content. Any
theory should be able to deal with this and
it certainly works well with the public goods
framework. However, it can also be captured
by a variant of gene level selection. In ecology,
Hutchinson’s niche refers to the idea that for any
organism there is a particular notional hyper-
volume in “resource space,” meaning the cir-
cumstances in which an organism finds itself,
including things like temperature or salinity as
well as more obvious resources like food but
excluding competing species in which it can
survive and reproduce (Hutchinson 1959). It
is easy to see how this could be extended to
apply to a gene. Consider the example of macro-
lide resistance. This phenotype is often encoded
by efflux pumps. The genes encoding these
pumps have a higher fitness in the presence of
antibiotics, and this might be considered the
gene’s niche. We can also consider the genome
as part of the gene’s environment—because it
requires other genes to exist just as other genes
will need it, in the presence of macrolides at
least. Previous work has suggested that a ge-
nome could be a “home” for new genes (Daubin
and Ochman 2004), and this extends that con-
cept to suggest that all genes can be viewed in
this way, but some genes are more established
than others. The genomic niches of such genes
could be described as “broad,” meaning that
they can be expressed in many different ge-
nomes with minimal impact on fitness (core

loci conserved in multiple species may be an
example) or “narrow” meaning that there are
only a few environments in which they will per-
sist (such as resistance genes that can exact a cost
in the absence of drug). Niche breadth will also
be affected by whether a gene can be readily
incorporated into a cell’s existing metabolic
framework and other possible epistatic effects
(Croucher et al. 2015a).

In this view, bacteria are bags of genes
brought together for transient mutual benefit.
How transient exactly that might be will vary
with some loci only being present for a short
while, before being lost, while others will form
strong connections and produce a stable ecosys-
tem of interactions that we recognize as a core
genome. Like the public goods hypothesis, this
hypothesis explains the observed distributions
of genes, but with reference to selection not
economics. The resulting metaphor is for the
genome as an ecosystem, which can include all
manner of interactions from direct competition
to commensalism and mutualism. However, al-
though ecosystems can appear stable and in-
clude symbioses, they are produced by selection,
red in tooth and claw.

RECOMBINATION REDUX

Although we have here discussed recombina-
tion or horizontal gene transfer in Bacteria, in
fact, these processes occur not only between
species but kingdoms of life. We have long ac-
cepted the endosymbiont origins of mitochon-
dria and chloroplasts from free-living bacteria,
and the subsequent transfer of genetic material
from the ancestral eubacteria to the eukaryotic
nucleus. So, we should not be surprised by the
observation that similar transfers have been
found from intracellular Wolbachia parasites
to their arthropod hosts (Dunning Hotopp
et al. 2007). The existence of “bacterial” DNA
in the arthropod genome went unnoticed at first
because of the assumption that this was not
possible, leading to the systematic removal of
“bacterial” DNA from the initial analysis as
the result of contamination. Transfer of genetic
material in the other direction is also possible:
Rhizobium radiobacter (the bacterium formerly
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known as Agrobacterium tumefaciens) is so effi-
cient at the process that it is used to genetically
engineer its plant hosts (Zambryski et al. 1983).
There are also reported cases of apparently
human DNA (a LINE element) appearing in
the genome of the notoriously recombinogenic
pathogen Neisseria gonorrhoeae (Anderson and
Seifert 2011).

Together with other putative cases of trans-
fer from hosts to infecting species (Pombert
et al. 2015), and a suggestion that more than
100 human genes may have originated in other
species (Crisp et al. 2015), it seems that hori-
zontal transfer is not just for bacteria. However,
a cautionary note is important, as we can pro-
duce a signal that looks like horizontal transfer
by multiple means, including, but not limited
to, restricted sampling of phylogenetic diversity
combined with the loss of the gene from some
taxa. Eukaryote biologists have also long known
that interspecific recombination is more fre-
quent than might be expected from a strict def-
inition of the biological species concept. In one
particularly nice example, sympatric species of
Heliconius butterflies were found to show sim-
ilar wing patterns—but the wing pattern within
each species varied over the geographic range.
So, butterflies would more closely resemble lo-
cal members of the other species than samples
of their own species from more remote loca-
tions. Genomic analysis showed this to be
down to the transfer between the species of
the genes controlling wing pattern (The Heli-
conius Genome Consortium 2012).

The bdelloid rotifers were memorably de-
scribed by John Maynard Smith as an “evolu-
tionary scandal,” because of their evident antiq-
uity as a lineage, combined with the lack of
evidence for sexual reproduction over that his-
tory. Sexual reproduction, at least among eu-
karyotes, has been considered to be something
like essential. Yet, here is a taxa that seems to
have dispensed with it entirely and suffered no
ill effects. However, bdelloid rotifers do engage
in the transfer of genetic material, with horizon-
tal gene transfer being an especially interesting
feature, coupled with extensive gene conversion
and genomic rearrangements, and an estimated
8% of genes being of “nonmetazoan origin”

(Flot et al. 2013). This should put into perspec-
tive our difficulty in concocting a coherent pic-
ture of bacterial evolution; one that accounts for
recombination and horizontal gene transfer in a
quantitative fashion. These are not problems
unique to the bacteria. In fact, it is a problem
of life itself.
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