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Abstract

As we observe the 200th anniversary of Charles Darwin's birthday, microbtslogerested in
the application of Darwin's ideas to the microscopic world have a lot to celetna¢merging
picture of the (mostly microbial) Tree of Life at ever-increasingltg®n, an understanding of
horizontal gene transfer as a driving force in the evolution of microbes, and thousands of
complete genome sequences to help formulate and refine our theories. akhéhense,
guantitative models of the microevolutionary processes shaping microbial popsil@main
just out of reach, a point that is perhaps most dramatically illustrated bykhef leonsensus on
how (or even whether) to define bacterial species. We summarize progresssget{srin
bacterial population genetics, with an emphasis on detecting the footprint ofgoB&itiwinian

selection in microbial genomes.



Selection as a window into the microbial world

The microbial world is largely hidden from the naked eye, making it difficult to khew t
selective pressures acting on a bacterium. Nonetheless, if the genes importa@sdarfia
particular niche are identified, they can have a dramatic impact on our undargtaf that
environment. A few recent examples from marine environments help to illustsapoihi. The
discovery of bacteriorhodopsin in diverse marine bacteria revealed aysigvinsuspected
evolutionary adaptation that explained the long-standing puzzle of how such a varietgies$ sp
can thrive in the nutrient poor open ocean [1, 2]. Moreover, spectral tuning of these molecules
might help explain the distribution of different species across different regnohdepths in the
ocean [3]. In another example, phosphorous acquisition gefesdhlorococcudlistribute
preferentially in strains living in periodically phosphorus-limited waterggssting an obvious
link between genetics and environmental factors [4]. Many other caseses$gecific
environmental selection, however, probably involve more subtle genetic changes thain thre

loss of an entire gene or pathway, such as amino acid substitutions at spectiangl sites [5].

While ongoing advances in genome sequencing technologies have made it possibie to obta
complete genome sequences for entire populations of microbes, it is not cldergeaome
sequences can be converted directly into evolutionary insight. One appealing amduzdiyce
simple approach comes from the emergent field of population genomics: align the gehame
entire population of individuals, and use the traditional tools of population genetics to pinpoint

loci involved in recent Darwinian selection.



In this paper, we discuss the prospects for uncovering Darwinian selection in aligeimmes,
which are becoming more readily available for a broad spectrum of mgdagaiculturally and
ecologically interesting organisms. We focus on genetic adaptations Qyiyasitive selection,
and the challenges involved in detecting them (Box 1). Tests for positive seleititidepsnd
on patterns of recombination, which are expected to differ between asexual mardisexual
eukaryotes, and also among microbes depending on their lifestyles and demogfaph
summarize the different types of tests (Table 1), highlighting tHetivie merits under different
regimes of recombination, and discuss how the interplay of positive selection amdbirestion

affects the patterns of genetic variation in microbes.

Detecting natural selection in genomic sequence

Genome-wide scans for positively-selected loci in metazoans, espécialbns, have yielded
substantial insights into the functions of unknown genes, and the genetic basis of phenotypic
differences between species. The general approach is to gather gegoemess of related
species, compute a sequence-based metric to quantify positive selection atescand take
outliers from the genome-wide distribution as candidate positively-seéllexig6, 7]. This
approach is exemplified by a recent study of six mammalian genomes, wgaid thelN/dS
metric (Table 1) to reveal that genes involved in immunity and sensory percplatyed a key
role in differentiating primates and rodents [8]. Genes acting in the sactehical pathway
were also found to undergo positive selection together, a finding we previoushgdeipor
bacteria [9]. Genome-wide scans for positive Darwinian selection have als@&dormed on

finer scales - for example, within human populations, revealing very recetivg@agsiection in



genes involved in malaria resistance [10], hair follicle production [11, 12], andddotesance

[13].

But are these approaches, which are being applied in earnest to sexualteak#rgoretically
justified in bacteria where recombination might not be frequent enough to providegsmiiee
resolution? To investigate this question, we first review the tools avaitatdetecting selection

in different types of populations.

Tools for near-clonal populations

In bacteria, patterns of genetic variation depend on the extent to which populatians be

clonally. In a perfectly clonal population, every substitution in the genonhawvié arisen by
mutation, never by recombination. Every adaptive allele that arises wéfdohe be perfectly

linked to every other allele in the genome. If the goal is to distinguish adaptifeolncdther
mutations fixed in the clonal background, one could look for loci with an excess abhaict
changes (e.gIN/dSand other methods discussed in the 'Detecting selection among species and

higher-order groups' section), and/or that show evidence for convergent evolution.

One advantage of a perfectly clonal population, from a practical standpoint,geioates are
related by a single phylogenetic tree, rather than a more complic&teatestructure that
represents recombination. Alleles that arise independently multiple indééerent branches,

and are thus incongruous with the tree, stand out as candidate examples of convergamt.evolut
In a recent study of genetic variation among isolat€zatrhonella entericaerovar Typhi,

convergent evolution was observed at a few loci [14]. Recombination was ruled loaicasise



of the phylogenetic incongruence and convergent mutations resulted in amingbastidisons,
two of which have known adaptive value in conferring antibiotic resistance, further sagpor

the hypothesis of positive selection.

Sokurenkeet al.introduced 'zonal analysis' to identify mutations of uropathodesgberichia

coli associated with recent invasion of a new niche, the human urinary tract [15]. @tiatefi

such mutations are recently derived, and are found near the tips of a wellagdoliageny.

They also tended to involve repeated (convergent) amino acid changes in variables’hatsgpot
these occurred in uropathogenic but not commensal strains. The authors could thus tdoaiclude
these mutations conferred a competitive advantage in the uropathogenic niche. Taiis type
analysis - effectively a special case of convergence testing - couktidneled and generalized

to identify recently selected loci across the genome, even when the populatiturestad/or

selection pressure is obscure.

Tools for sexual populations

A suite of population-genetic tests for non-neutral patterns of evolution have been d&velope
over the past 20 years, and often used to detect positively-selected loci in huwtties sexual
eukaryotes. Although many of these tests are sensitive to various deviationsdtoah ne
evolution (Table 1), they primarily detect selective sweeps. These desbe divided into two
main classes: (i) Tajimald and related diversity-based tests of deviations from the neutral the
allele-frequency spectrum [16, 17] or (ii) long-range haplotype (L&ttd)related tests [9, 11].
Diversity-based tests identify alleles that are at unusually highdrey (suggesting a selective

sweep of a single beneficial allele) or intermediate frequency (dyiagsselection maintaining



multiple alleles in the population). This class of test can be applied to aligned hooslog
sequences of any length, assuming that sites within the sequence are ¢pihniete(no
recombination between them). Thus, diversity-based statistics should be computedhathi
windows of DNA across the genome. Meanwhile, haplotye-based tests model thefdeca
linkage disequilibrium (LD) with physical distance in the genome to identifyohgs that are

at unexpectedly high frequency for their age, indicating a recent or ongaect\sebweep.

Both classes of tests should in theory be applicable to populations of bacteria in which
homologous recombination among strains is rampant. Diversity-based tests have beéncappl
a variety of bacterial populations, including cyanobacteria B&hneraand related insect
endosymbionts [19\eisserig[20], andPseudomonal21]. In a broad study spanning seven
bacterial phyla, Hughes found that Tajimrfa'sends to be lower in nonsynonymous sites than
synonymous sites, implying purifying selection on slightly deleterious rangathat lead to
amino acid changes [22]. Hughes also observed that this difference betwsaemgiies that
recombination must be occurring at some level in order to allow sites to e@vdépmendently.
This implies that diversity-based tests have potential to pinpoint selectgortnaded that they

are separated from the clonal background by recombination.

Meanwhile, haplotype-based tests have not been applied to bacterial populations - perhaps
because population sampling has not been performed at sufficient resolution to cagture ve
recent selective sweeps. Even frequently recombining bacteria dififersexual eukaryotes in
two major ways: (i) in bacteria, recombination occurs by gene conversion retharossing-

over and (ii) recombination is decoupled from reproduction. As a result of gene comyvers



linkage between nearby loci is expected to be higher than between distant latemaba
making haplotype-based tests valid, in principle, over short genomic distances.iButrunl
organisms that recombine by crossing-over, linkage is expected betwkenradt involved in

a gene conversion event regardless of their physical distance on the chronz3joineother
words, a non-recombinant locus might be linked to another distant locus, but unlinked to nearby
loci that have undergone gene conversion. This type of pattern, called a dor&a[24], is
more likely to occur when gene conversion size fragments are smallr{¢tge order of ~500 bp
in Helicobacter pylori25]), when recombination is infrequent, or when only certain
combinations of two distant alleles are tolerated, creating linkage bethexanwith free
recombination in the intervening region [26]. Such epistatic interactions ameles @lbuld thus
affect patterns of LD, and in principle represent an important determinanpafbetion

frequency [27].

Can recombination maintain diversity in the face of selective sweeps?

Whether diversity- and haplotype-based tests are able to distinguish adapatiemawvithin a
population depends on the balance between the opposing forces of positive selection (purging
diversity as a new allele approaches fixation) and recombination (maigtdiversity by

unlinking distant regions of the genome from a selective sweep). The/satam be used as a
shorthand to express this balance between recombinafiand selectiong] in a population,

andr/s is rarely, if ever, measured. Much more commonly measured tisrilratio, which

assesses the relative likelihood that a polymorphic site arises by recoambigasus mutation

(m). r/m varies widely among bacteria (etfin is ~ 5-80 inNeisseria meningitidis- 50 in

Streptococcus pneumonjae10-50 inE. coli, and ~ 1-3 irBacillus[28, 29]), but is generally



larger than 1, suggesting that recombination is quite strong relative to mutatianyrspecies.
But the mutation rate is universally quite low in bacteria: on the order'SfriGtations per site
per generation [30]. Even if recombination generates much more diversity thetfomus it a
sufficiently strong diversity generating force to maintain diverisithhe face of selection?
Selective coefficients for adaptive mutations might be quite high: on the ortiéf of higher
[31]. Thus, adaptive mutations might become fixed before recombination has timdéadiag
to genome-wide purges of diversity [32, 33] sometimes referred to as perieditose This
would render diversity- and haplotype-based tests powerless to discern ttexidelaes against

the background of uniformly low diversity.

So exactly how much recombination is needed to overcome the purging of diversigrthat
result from periodic selection? Figure 1a illustrates the level of diyextsé single locus in a
population after an adaptive mutation at a distant gene locus becomes fixed, a®ia éimct
and s. When recombination rates are low, the resulting diversity at the distase(@cted)
locus is effectively purged resulting in a clonality of 1, which we defir¥pd, wherep; is the
frequency of thé™ allele at the non-selected locus (also called Simpson's diversity index in
ecology). When recombination rates are high, diversity at the non-selectedslotaistained
either through the generation of new mutations or retention of initial diversiplifying
matters, the trends are only weakly dependent on the population size (Figure 1bxpressed
in the natural variablgs (=Nr, whereN is the population size amds the per gene or locus per
generation recombination rate) an@=Ns wheres s the relative fitness advantage conferred by

the adaptive mutation).



As illustrated graphically in Figure 1, and as previously modeled by othgtq34, 35]), there
exist regimes of recombination and selection that allow an adaptive mutation tawergéy
locally in the genome (at loci near the adaptive site), without substangéidiiging diversity
elsewhere in the genome. For this panmictic scenario to be viablest be quite large and/sr
must be small. High's or r > s can be used to roughly describe this scenario, but this shorthand
does not do justice to the complex relationship between divarsibgs (Figure 1a). Panmixis
could result from a relatively high population recombination rate, similar to thoseetse
promiscuous groups such ldsisseriaor Helicobacter[25, 28]. Conversely, if <<s, a
population will be effectively clonal. This type of clonal population has been observed
repeatedly in the context of long-term experimental evolution studiesaufli. In these studies,
adaptive point mutations are successively fixed in a clonal background, with litibe or

contribution of recombination [36-38].

Patterns of recombination and their interplay with selection

Bacterial lineages show substantial variation in population structure - rdngmngssentially

clonal €.g. Salmonellgato panmictic €.g. Neisseria gonorrhoepf89]. In many recombining
lineages includingCampylobactef40] Neisserig[20], Helicobacter[25], andE. coli[41]. LD
decays with distance in the genome. To illustrate this distance-dependent debayefshow

LD between pairs of genes located throughou&heoligenome (Figure 2). Genes up to ~20
kilobases apart on the chromosome are often linked, but this linkage drops off around 100 kb.
However, linkage never decays to zero in bacteria because some fraction ostaatyldci will

remain linked as part of the clonal frame [23]. Patterns of LD have a great omp@sts for
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selection (Table |, Figure 4), and it is thus important to quantify these patteghespopulation

of interest.

How can distance-dependent LD be explained? First, some recombination rocstitvang
although the clonal frame is still evident since a fraction of even very distamhy be linked
[29]. Second, the majority of recombinant fragments introduced by gene conveespolzably
small [40-43]. Third, it follows from the simulation results thatust be large and/@must be
small. This leads to three different scenarios:

1. the strains in question form an effectively sexual populatisndrge),

2. selection coefficients are low or selection is infrequeistgmall), or

3. there are ecological barriers to selective sweeps but not recombination

The first two scenarios are quite straightforward, but the third meriteefugliscussion. In

Scenario three, different populations of bacteria might inhabit differenbmiches, making it

rare for a single genotype to sweep through all populations. How likely is scemario? In the
coastal water column, at least 15 ecologically distinct subpopulatidfibrid splendidusco-

exist [44] . Because the coastal ocean is relatively well-mixed, tmgle be even more
opportunity for resource partitioning and niche subdivision in other (e.qg. terrestniast-
associated) environments (e.g. [45]). Therefore, a meta-population model, suelvas t
described by Majewski and Cohan [34], could explain the distance-dependent decay of LD
Their model requires two or more populations, each adapted to a different niche and tiesse nic
might only be very slightly different or even transient niches. Each populationenqges

independent selective sweeps, purging diversity within each sub-populationnget geversity
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remains high when summed over all populations. Occasionally, a globally adaptaet

occurs in one of the populations, but cannot sweep through other populations because its
genotype as a whole is relatively unfit in the other micro-niches. But glthmlly adaptive
mutation is recombined into the 'native' background of another population, it can cotifess fi

advantage and rise in frequency.

Eventually, globally adapted mutations can purge diversity locally in the genthogiiv
disrupting unlinked genomic diversity. Thus, Majewski and Cohan's model could explain the
observed distance-dependent decay of LD without invoking a high rate of recoarbinat
Because niche partitioning in the microbial world likely occurs at a veeysitale [44, 46], it is
probable that many bacterial population samples actually encompass multiple satmagul

connected by rare recombination of globally adaptive alleles.

When is recombination an adaptive event?

Under Scenarios one and two above, neutral recombinational events occur fastetetizon,
whereas under Scenario three recombinant genotypes are driven to high frequssiegtmn.
So how much of recombination is adaptive? On the one hand, recombination across wide
phylogenetic distances (by horizontal gene transfer), followed by catieerof the foreign
DNA in the recipient, in itself provides compelling evidence for adaptive evolutigrthB

picture is not as clear for homologous recombination between closely-relaiad.st

Recent work by helps clarify the relationship between recombination and pssieation [47].

Recombination and positive selection were both quantified iStile@tococcusore genome,

12



and it was concluded that genes under positive selection are frequently restnalxiesult
recently supported in a studylasteriagenomes [48]. Specifically, 78% of genes under positive
selection in th&. pyogenesore genome were also inferred to be recombinant [47]. Yet, of the
genes identified as recombinant within this species, only a small fracpeni@xced positive
selection (Figure 3). Therefore, although positively selected genéequently recombined, a
substantial amount of within-species recombination shows no evidence of difgoctedalue.

In other words, recombination within a species could be largely neutral. Bisg tiot the case

for recombination between species (fr@magalactiado S. pyogeneor vice versa).

Comparison of between-species and within-species evolutionary eventsayselgwising

insight not highlighted in the original work: 81% of all genes recombined betweepspésn
experienced positive selection, whereas only 4% of genes recombined withis sfewie

experienced positive selection (Figure 3).

This striking result has several implications. First, it provides empea#irmation of

Scenario three above and Milkman’s hypothesis that in order for a horizordabjetred gene
to be fixed (at least across species), it must enjoy a “considerableveetelvantage” [49].
Second, it furnishes evidence that short-distance recombination events g ldeheutral

and unlikely to be under positive selection (Scenarios one and two). Third, it providestimspir
for a new class of tests for positive selection in bacterial populations: ideosifyvely selected
genes in bacterial populations as recombinant sequences transferred acreg®popul
boundaries. Fourth, it suggests a pragmatic solution to the long-standing challdafieiog
bacterial species. Sexual eukaryotic species undergo neutral recombination geeeration.

By analogy, a group of bacteria that undergo frequent neutral recombinationlsoutdrastitute

13



a discrete species. Recombination between species is not precluded in tbs dgigaiion, but
would require positive selection for maintenance of the introduced recombinant sequence
(Figure 4). While previous studies have shown that clusters of closelydrstedens (or putative
species, with more frequent neutral recombination within than between sparidsgoretically
emerge and be maintained in the absence of selection, these same studiethstggestal
recombination alone is insufficient to explain fine-scale geneticrdift@ation actually observed
among clusters, supporting the idea that speciation might require population stf@ictur

microepidemics) or positive selection [50-52].

Detecting selection among species and higher-order groups

Over millions to billions of years of evolution, populations of bacteria have daéogerm
distinct species (although there is considerable controversy over exhetiytwo populations
can be called independent species [53, 54]). This process might occur loyedstene flow,
followed by neutral drift, or by niche partitioning and natural selection [51, 52]. Recation
between distant species is relatively rare and often adaptive (as disabese), and potentially

straightforward to detect using phylogenetic methods (e.g. httpaaiong/AnGST).

Substitution patterns indicative of positive selection at long time scalese@etather than
within populations) could be detected using codon-badieftl§ and other relative rates-based
methods (e.g. selective signatures, M-K test; see Table 1). The ratio gphaoysious to
synonymous substitution rates has been widely used in genome-wide scans for mhasdives
in bacteria, often providing evidence for function- or gene-specific sahegjetv, 55]. YetdN/dS

is inappropriate when comparing either very distantly-related sti@d@safurated with multiple
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substitutions), or very closely-related strains, within whibldSis inflated by segregating

nonsynonymous polymorphism [56, 57].

Metrics that explicitly measure deviations from the expected pattemioio acid substitution
(relative to a within-species near-neutral expectation as in the MtKoteto a between-species
expectation as in selective signatures) are perhaps better suitegcttndetequence-level
changes associated with changes in ecological preferences. Reagttlgeviations from a
protein's expected rate of evolution (based on the genome and protein familyhatwkiongs)
were quantified as its selective signature, identifying substitutighspatential ecological
relevance [9]. This approach can yield insights into the cellular functions andayattivat
contribute to niche adaptation. For example, selective signatures showdgdblgse and
phenylalanine metabolism genes evolve unusually rapidtiamarina loihiensismirroring

this lineage's shift in carbon source preference from sugars to amino acids.

Nearly every rate-based test (Table 1) has the potential to mistakelieation for positive
selection (e.g. [58, 59]), but it is possible to control for recombination by ensuringehat t
correct gene phylogeny is being used while testing for selection. ICeng@iementations of the
M-K test, for example, assume that all genes in the genomes being compargelddatehe
same time [60] — an assumption that is violated when genes have differentsisitorie
recombination. Thus, if care is not taken to control for recombination before testimdefciran,
these two evolutionary events — both potentially interesting and with adaptive-meait easily

be confused.
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Finally, there is mounting evidence that taxonomic units broader than individuedsspelzed
have ecological meaning, and thus show similar patterns of selection. For exelags of
bacteria in the same Family or Order tend to have similar habitatgeésr [61]. In
comparisons of obese (enriched in Firmicutes) and lean (enriched in Bate=xpgle
microbiomes, habitat preference was observed at the level of Division [62, 63].NEtE gasis
of these higher-order habitat preferences is only just beginning to be eddcidiadl likely

involves both genome content and sequence-level variation.

Concluding remarks and future directions

Identifying the signature of natural selection in microbial genorardelp to shed light on the
hidden world of microbes. Which techniques can be used to identify positive selection depends
on the rates and bounds of recombination in microbial populations. The first step indyngfst
natural selection in bacteria is to quantify the extent of recombination within aafopulefore
moving on to sequence-based tests. Once recombinant portions of the genome are identified,
they can be tested for evidence of positive selection using diversity-batdemtimdévieanwhile,

the non-recombinant clonal frame can be identified (e.g. using the Clamalpragram [29]),

and tested for convergent evolution or excessive rates of functional substitutiame @igf
possible, all tests should be performed genome-wide to estimate and cordeshfigraphic

effects (Table 1) that might otherwise provide spurious evidence of positiveselec

In his "Difficulties on Theory" chapter i@n the Origin of Specie®arwin wrote: "We are

profoundly ignorant of the causes producing slight and unimportant variations [.].|JOf6the

sesquicentennial of its original publication, we know that random mutation and recoarbinati
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are the causes of heritable fitness variations, yet we remain laggehant of the selective
pressures that cause advantageous variations to be favored and maintained.hiveamatvn
species, the list of uncontroversial cases of selective pressures leagimgtic adaptations is
not long. Yet the list of candidate adaptive variations has grown much longer since gedeme
scans for selection became viable in humans [65], and we are beginning to seethegzen
for microbes. Metazoans and microbes will soon be on similar footing; with a lishdidate
genes in hand, the challenge will be to translate this list into a meaningtuhgenide map of
selection, linking genetic variation to phenotype and ecology. With such genomexrapdewe
are optimistic that evolutionary adaptations will be revealed, even ah#s fesolutions - for
example, among closely-related, yet ecologically differentiatbdapulations o¥ibrio
splendidusn the coastal ocean [44, 46]. To encourage efforts in this direction, a team of
microbial ecologists, population geneticists, and genome sequencing expemtstaalished a
database of nearly 100 complete genome sequences of Mimilmestrains encompassing
multiple ecologically distinct populations, which will be freely availabte (a
http://micropopgen.org). Darwin was right in saying that many variationsighe (e.g. a single
nucleotide mutation that subtly alters protein structure or expression), but cueiyltitey
leave a trail of footprints, which, given the right set of population genomic toolsjlinlately

lead us to a better understanding of the microbial world.
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Glossary

Positive/diversifying selection The evolutionary force causing novel alleles conferring a fithess
advantage to rise in frequency in a population. This leads to reduced genetic vari@igon a

selected locus within the population, but increased genetic variation betweenipopulat

Negative/purifying/stabilizing selection The evolutionary force selecting against deleterious

mutations and promoting conservation of the ancestral state.

Neutral drift : The process by which mutations with negligible effects on fithess become

stochastically fixed in a population of finite size.

Selective sweepThe process of a positively-selected allele rising in frequency anthtdly
becoming fixed in a population. In the absence of recombination, a single clone gl swe
through the population, purging genetic diversity genome-wide. In the presence of

recombination, diversity may be retained at genomic loci that are unliokbkd selected allele.

Panmictic population: A population undergoing frequent recombination (e.g. a sexual
population in which recombination occurs every generation). Qualitatively, sukse
random association between loci. More quantitatively, panmixis may be defindebas single
nucleotide change is more likely to have resulted from a recombination event thatiarmut

event (/m>1).

Clonal population: A population which never (or extremely rarely) undergoes recombination.
All loci in the genome are thus in complete linkage, meaning that a selecaep sull affect

diversity in the entire genome, not just at a selected locus.
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Globally adaptive mutation: In a meta-population model, a globally adaptive mutation confers
a fitness advantage in all of the sub-populations making up the meta-population. If thenrmuta
is recombined into a sub-population, it will purge genetic diversity only in the l@oed

portion of the genome.

Niche partitioning: The process whereby different organisms co-exist in a community rather
than competing for resources. Niches can be partitioned when lineages avoid tcamipgeti
using different resources, or restricting their activity to differeysal spaces, seasons, times

of day, etc.

Tajima’s D: A statistic to measure deviations from allele frequencies expactepopulation
evolving under a neutral model. Deviations may indicate purifying sele@ierQ),
diversifying selection or population subdivisidh ¥ 0), or a recent selective sweep or

population bottleneckX < 0).

Long-range haplotypes A test to detect positively-selected alleles that have risen to high
frequency in a population in a short period of time, so that recombination has not had time to
break down linkage to distant hitchhiking mutations. The test exploits the genome-wide
distribution of allele frequencies and haplotype lengths to detect outlyinotyyags that are at

unusually high frequency for their length.

McDonald-Kreitman (M-K) test: A test for selection on protein-coding nucleotide sequences
that measures an unusually high between-species dN/dS, relative to a nedustendard of

within-population dN/dS.
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Selective signaturesA measure of selection that can be applied to nucleotide or protein
sequences from distantly related species. Selective signatures gadhafiextent to which a
gene deviates from the evolutionary rate (number of substitutions per site)qudniche gene
family and genome it belongs to. Such deviations suggest gene-specifics-speuiic changes

in the selective pressures on a gene.

Phylogenetic incongruencelf a gene has experienced horizontal transfer, duplication, and/or
loss in some lineages, this will often result in the gene’s phylogeny (g&)éaving a different
topology from the species’ phylogeny. Phylogenetic incongruence is oftensusedi@nce for

horizontal transfer.

Convergence The independent fixation of the same mutation in two or more independent
(distantly-related) lineages, also called homoplasy, is often used as eviolepaositive
selection. Because it generates phylogenetic incongruence (seg &buoeg also be used as
evidence for recombination. Recombination may be ruled out if the convergenddadteret a
single mutation, rather than a long stretch of mutations. If the convergencesonsdifferent
nucleotide-level mutations that result in convergence to the same amino aatkdlsapports

positive selection as a more likely explanation that recombination.

Acceptor lineage In a recombination or horizontal transfer event, the acceptor lineage is the

recipient of a stretch of novel DNA.

Restricted gene flow The reduction or prevention of recombination between bacterial lineages

owing to physical or ecological barriers, or DNA sequence divergence.
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Figure Legends

Figure 1. Population diversity following a selective sweep with varying selgon and
recombination rate.

(A) We simulated a selective sweep in an initially diverse population oNsizé’, mutation
ratem=10"° per bp per generation and a range of selection coefficignmd recombination
rates ). After the beneficial allele has swept through the population, we computed the

population's Clonality aEpiz, wherep; is the frequency of thid allele at the background locus.

Populations with smafl and larges are dominated by few genotypes, while populations with
largep and smalb consist of many genotypes following fixation of a beneficial allele. (BYdEf
of population size on diversity following a selective sweeiNr ando=Nsare the 'natural’
variables of the system, such that populations of different sizes with sameofgleexic (at
fixed m) have similar structure following a selective sweep. Eight combinatignamdc are
compared using simulations with different population sizes. For each populationesiziet the
clonality index vs. that observed for a population of 8lz&0’. Deviations from the dashed line

(y=x), are relatively small indicating that the results hold over a rangepofaimn sizes.

Figure 2. lllustration of distance-dependent decay of LD in th&. coli genome.

We gathered 1672 core orthologs present in each Bf 2dli strains, as described in [9]. Each
unique allele at a given locus was assigned a unique allele number. We then chaddéquairs
separated by increasing distances inEheoli K12 reference genome. Pairs of loci on the same
operon and neighboring loci on the same strand were excluded. LD was estimateldeli3ihg t

metric, which provides a summary measure of LD between 2 loci, eachnbogtan arbitrary
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number of alleles [70]. Whelba' = 1, linkage is at its theoretical maximum. (A) For pairs of loci
separated by increasing genetic distance (kb, om@dogle), the proportion of pairs in full
linkage (# of pairs witlDa' = 1 / total # of pairs in that distance bin) is plotted on the y-axis.
Points on the x-axis were binned as in Figure 1. Inset: Distances of 0-100 kb shown an a line

scale (red points).

Figure 3. Intersections of sets of recombining and positively seledtgenes inStreptococcus
spp.

Overall, Lefebure and Stanhope [47] observed recombination in 753 genes and posttive sele
in 217 genes; 72 genes experienced both. The overall dataset (top) was segmentghirde a
wide core-genome (between species, bottom left) and a species-sgt@figgnomes (within
species, bottom right). 53 genes were found to recombine between species of which 43
experienced positive selection. By contrast, 700 genes were found to be recombinant within

species, but only 29 of these experienced positive selection.

Figure 4. Flow chart of methods to identify positively selected loci ibacteria.

Tajima’sD and Fay and Wu'Bl tests measure unusually high or low allele frequencies within a
population. They require a sample of allele sequences, preferably genonte-wédie quantify
recombination and demographics, representing polymorphism within a populationstEhe te
differ in that theH test also requires an outgroup species to distinguish derived and ancestral
mutations, allowing it to distinguish positive and negative selection [17]. The M:Klses
requires a sample of alleles from a population, and at least one outgroup speciesrbutahff

the diversity-based tests in that it is restricted to protein-coding gemesnportant assumption
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of the M-K test is that in the absence of selection, the dN/dS ratio should remaimicovsta

time, and thus be the same for fixed substitutions (between outgroup and ingroup) as for
segregating polymorphism (within the ingroup). When the ratio of fixed:polymorphdSdN/
exceeds 1, this provides strong evidence that positive selection has played éh®le i

divergence the of outgroup and ingroup [68]. AnGST is a phylogeny-based approach togletecti
recombination ([44], http://almlab.org/AnGST). It identifies ancesgabmbinations and

specifies donors and acceptor lineages. See the main text and glossary émsieriptions of

other methods.
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Box 1. Key challenges in bacterial population genetics

Compared to eukaryotic systems, our limited understanding of microbial populateticgean
be summarized by several key challenges in studying environmental arasbosted
bacterial communities:

e Limited understanding of gene flow patterns and population boundaries in bacteria.
Arguably, a universally accepted species definition is lacking even foiahtaxa [66, 67];
however, the problem is exacerbated in bacteria where the rates and boundsdgefaatic
ecological) of gene flow are not known. Complicating matters furtheerdiit natural
populations likely occupy a continuum of recombinational rates from clonal to gammic

e Lack of approaches to detect recent positive selection. A wealth of stéhtistils based on
allele frequencies or haplotype structure are available for detectirmigtimature of natural
selection in sexual eukaryotes, but which if any of these tests can be adaptifobacteria
has not been studied.

e The unknown role of the ‘peripheral’ genome. A large fraction of the genetic tyversi
within microbial lineages is contained within the ‘peripheral’ or ‘flexiblehg@e -- strains that
are nearly identical in nucleotide sequence at orthologous loci can diffenbmigeislands
containing megabases of strain-specific DNA. The extent to which theoedinary diversity

contributes to adaptive evolution is not known.
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