Chapter 12 ®)
Clonally Evolving Pathogenic Bacteria e

Sofia Hauck and Martin C. J. Maiden

1 Clonality in Bacteria

A population is a group of organisms that occupy the same niche and that share an
evolutionary path, adapting to their environment through the process of natural
selection. Members of a population are closely related and united by a recent
common ancestor or ancestral population. Despite these similarities, bacterial
populations are rarely composed of single clones that are genetically identical.
Indeed, genetic variation within a population is a necessary condition for evolution
by means of natural selection to occur. A population of identical clones cannot adapt,
as all of its members have genomes that are equally suited to any set of conditions
(Nielsen 2005).

Natural selection results in changes in the frequency of genotypes according to
their fitness, as higher rates of reproduction and survival increase the abundance of
the fittest genotypes within the population. Likewise, lower rates of success reduce
the frequency of the least fit genotypes, sometimes to the point of elimination. This
process therefore reduces the genetic diversity of the population over time, as it can
only maintain or decrease diversity. Diversity is not completely reduced by natural
selection because it is balanced by the introduction of new variants through mutation
and recombination. All genetic variation ultimately arises from mutations, but sexual
processes can introduce mutations from other populations via horizontal gene
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transfer (HGT) as well as causing the reassortment of genes within a population (Feil
and Spratt 2001).

Sexual recombination in bacteria differs from that of plants and animals in both
frequency and range of source genetic material. Bacterial HGT occurs widely and
promiscuously, with genetic material sourced throughout the domain, rather than
exclusively from other members of the same species (Cohan 2002). Unlike most
plants and animals, which recombine as a matter of course during each reproductive
cycle, HGT in bacteria occurs at rates and extents that vary widely by species and by
ecological situation (Hanage et al. 2006a). Across the bacterial domain, a wide
spectrum of recombination rates has been observed, from very high rates that erase
most clonal signal to complete clonality (Spratt and Maiden 1999). In a fundamen-
tally non-clonal population, genes are the evolutionary units, as recombination is so
frequent that it overwhelms the non-random associations among genetic variants in a
genome, collectively named “linkage disequilibrium.” A recombination rate that is
ten times higher than the mutation rate may be enough for the linkage caused by
shared descent to break down entirely (Cohan 1994). When this is the case, each
variant of a particular gene can exist in a range of genomic backgrounds and
therefore evolve independently. This is not an hypothetical extreme as it occurs in
Helicobacter pylori, a human-specific pathogen that causes chronic gastric infec-
tions (Suerbaum et al. 1998), which has been found to exchange up to a tenth of its
genome in one multi-strain infection over a period of 4 years (Cao et al. 2015).

At the opposite end of the spectrum is full clonality, which is a consequence of
limited or no HGT (Tibayrenc and Ayala 2002). HGT can occur occasionally
without affecting a clonal population structure, as long as it is infrequent enough
to remain beneath the “clonality threshold.” This is the point at which recombination
is too rare to act as a homogenising force within the population and prevent the
divergence of distinct branches (Tibayrenc and Ayala 2015). In the extreme and
unusual case of a fully clonal population, where no recombination can be observed,
genes cannot be exchanged among individuals and therefore each genome evolves
independently. The phylogeny of a population in these conditions fits the “Russian
doll” model, where, with increasing resolution, each branch of the species phylogeny
is subdivided into smaller distinct and diverging branches (Tibayrenc and Ayala
2016).

2 The Clonal Paradigm

This article will focus on fully clonal populations, where HGT is entirely absent or
sufficiently rare that it has essentially no impact on the evolution, population
structure, and ecology of the organism in question during the timeframe under
consideration (Shapiro 2016). The first major consequence of limited or no HGT
is the inability to repair mutations that arise from time to time. Bacteria can use a
variety of mechanisms for repairing DNA damage, including nucleotide or base
excision repair and mismatch repair. These mechanisms can lower the rate of
mutation by reversing damage as it happens, but without HGT, bacteria cannot



12 Clonally Evolving Pathogenic Bacteria 309

repair mutations that have been copied to both stands of DNA (van der Veen and
Tang 2015). Two other major consequences follow from a lack of HGT: the absence
of a mechanism whereby different mutations can be combined to make novel
variants and the inability to acquire genetic material from other organisms. All
three of these affect the diversity of a population. In the absence of HGT, a
population is both limited in its ability to generate new genetic diversity and to
maintain existing diversity, as it is frequently subject to purges (Namouchi et al.
2012) by means of bottlenecks when population sizes are small or genome-wide
sweeps when selection is strong (Smith et al. 2006). This lack of diversity has
consequences for the adaptability and long-term viability of a population.

Populations that do not participate in HGT typically exhibit very low genetic
diversity, although a lack of diversity is also a feature of relatively young
populations, as over time mutations will accumulate even in the absence of HGT.
The term “clonal” can describe both of these traits, the genealogical concept of
reproduction through clonal descent and the genetic concept of identical clones
forming all members of a population. This state of low diversity within the popula-
tion is referred to as genetic monomorphism. The confusion between these defini-
tions is particularly pronounced because these two traits often, but not necessarily,
co-exist in bacteria (Tibayrenc and Ayala 2012).

From the perspective of evolutionary and molecular epidemiological studies, the
low diversity of monomorphic bacteria can present problems for the identification of
epidemiologically relevant variants for practical purposes. When typing resolution is
not sufficient to distinguish similar isolates, the crucial task of tracking pathogen
transmission becomes more challenging (Kohl et al. 2014). Improvements in the
speed, cost, and accuracy of whole-genome sequencing (WGS) made in the 10 years
prior to writing this article ensured that these bacteria could be examined at an
unprecedented level of detail, covering virtually all of the existing genetic variation.
Consequently, fully clonal, monomorphic pathogen species have been some of the
first to be analysed in-depth by this technology, precisely because their low diversity
simplifies large-scale genomics studies (Achtman 2008). This research has made it
possible to discover the common traits of fully clonal bacteria.

Most known examples of highly clonal pathogens are lineages nested within a
more diverse phylogeny of nonpathogenic organisms (Achtman 2008). An example
of this is the agent of tuberculosis, Mycobacterium tuberculosis, which is perhaps the
best studied example of a fully clonal bacterium. It is one of nine lineages within the
Mpycobacterium tuberculosis complex, each of which is host-specific, though some
spillover in hosts does exist (Ghodbane et al. 2014). The complex as a whole is
considered to be one species, due to its high degree of relatedness (99% or more
average nucleotide identity), but individual species names are still used to refer to
each subspecies, or ecotype, within it (Djelouadji et al. 2011). There are a number of
parallel examples elsewhere in the domain including the following: Yersinia pestis,
the agent of plague, which is best considered a specific clone of Yersinia pseudotu-
berculosis as it is nested within this more diverse species (Rasmussen et al. 2015);
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Bordetella pertussis, which causes whooping cough, is a monophyletic branch of the
B. bronchiseptica species (Diavatopoulos et al. 2005); and Bacillus anthracis,
responsible for anthrax, is an equivalent branch of the B. cereus phylogeny (Okinaka
et al. 2006). Not all clonal populations are given species names, as can be observed
with Salmonella enterica subspecies enterica serovar Typhi, the agent of typhoid
fever (Didelot et al. 2011).

In the absence of wholly sexual reproduction, which is used to define animal
species, and the widespread occurrence of HGT in bacteria from a variety of sources,
precise definitions of bacterial species remain difficult, contingent, and to a degree
controversial (Achtman and Wagner 2008). For pathogenic bacteria, the importance
of accurately circumscribing disease-causing microbes has led to pathogenicity
being used as the defining trait of a species. However, pathogenicity, like many
other phenotypic traits, correlates poorly with genotype, as is becoming increasing
clear as genotyping methods improve. A species name that may not be “accurate,”
that is, not defining a distinct monophyletic cluster of genotypic and phenotypic
traits, may nonetheless still be used in cases where distinguishing dangerous strains
from harmless genetic relatives can be a life-or-death concern. This concept of a
nomen periculosum is one example of the many complications in the field of
bacterial taxonomy (Stackebrandt et al. 2002).

The complex nature of phenotypic and genotypic clusters in bacteria, both in
defining clear clusters by either set of criteria or in correlating genotype to pheno-
type, has meant that a universal bacterial species concept is yet to be achieved. While
the search for a unifying definition continues, “species” remains a term without one
particular meaning, largely used as a label of convenience (Bapteste and Boucher
2009). Lineages are given names “dependent on the level of divergence thought
appropriate” and only “where this serves a useful purpose” (Lan and Reeves, 2001).
Clonal populations present particular problems in defining species clusters, as the
absence of recombination means that each lineage is “irreversibly set” on divergence
from other members of its species (Hanage et al. 2006b). For this reason, “species,”
“clone,” “serovar,” or any other terms for a specific phylogenetic group of bacteria
are used here as per the convention for that species.

Despite HGT not being a mechanism in the maintenance of clonal lineages, it is
often key to the evolutionary events that have led to them becoming distinct from
their parental populations. HGT events can be catalysts for the expansion of a
population to a new niche and form critical junctions in the evolutionary path of a
species (Wiedenbeck and Cohan 2011). A clear example of this has been observed in
the history of Bacillus anthracis, the agent of anthrax. It diverged from Bacillus
cereus after acquiring the pXO1 and pXO2 plasmids, which includes the anthrax
toxin genes implicated in the high fatality rate of the disease (Kolstg et al. 2009).
After this acquisition, which occurred perhaps 20,000 years ago, B. anthracis’s
unique pathobiology has caused it to specialise into a novel ecological niche
(Keim et al. 2009). The evolutionary history of S. enterica serovar Typhi displays
a similar pattern. S. enterica serovar Typhi lost the promiscuous HGT that is
characteristic of the S. enterica species, changed niche as it transformed from a
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gastroenteric infection to an invasive one and underwent functional gene loss and
genome degradation in the process (Holt et al. 2008).

Irreversible specialisation is the only possibility for fully clonal populations, due
to the loss of adaptability that comes with restricted HGT (Moran and Wernegreen
2000). Parasitism itself is a form of specialisation, and the extreme host specificity
and obligate pathogenicity evident in many fully clonal species is an even more
extreme version of this specialization (Shapiro 2016). While the possibility of a
discovery bias caused by the overrepresentation of pathogens in bacterial research
cannot be discounted, it appears that all persistent fully clonal bacteria are patho-
genic (Achtman 2012).

Many of the most deadly bacterial pathogens are species with low genetic
diversity that fit the fully clonal paradigm (Namouchi et al. 2012). For example,
the etiological agent of plague, Y. pestis, was responsible for the Black Death
pandemic that killed nearly a third of Europeans in the fourteenth century, and this
organism remains the cause of small but often fatal outbreaks in the modern era
(Gage and Kosoy 2005). Meanwhile, M. tuberculosis is the most deadly bacterial
pathogen in the world, infecting 100 million new patients and causing 1.5 million
deaths a year, and appears to have coevolved with humans (Niemann et al. 2016).
S. enterica serovar Typhi causes 200,000 deaths a year and may have been the cause
of the plague of Athens in 430 B.C. (Galan 2016).

These species are genetically monomorphic despite their wide geographic range
and long history as human pathogens, stretching over tens of thousands of years.
While this is not substantial stretch of time in evolutionary terms, it is enough for
analyses of mutation rate to be made across species and for phylogeographic signals
to emerge within species (Comas et al. 2013). A comparison between modern
Y. pestis strains and DNA recovered from a Black Death victim showed that few
genetic changes occurred in the interceding 660 years, with only 10 cases of altered
gene order and only 97 chromosomal sites and 6 plasmid single-nucleotide sites
differing from modern strains (Bos et al. 2011). For M. tuberculosis, whole-genome
alignments find that even the most distant strains that can be isolated from humans
differ at most in 1800 single nucleotide polymorphisms or SNPs (Coscolla and
Gagneux 2014). In contrast, over 15,000 SNP differences have been found between
isolates of Staphylococcus aureus (Planet et al. 2017), and Campylobacter jejuni
isolates can differ by 13,000 SNPs even within one outbreak (Moffatt et al. 2016).

Lifestyle stages with slow or no growth, common to many clonal pathogenic
bacteria, may further exacerbate their low genetic diversity, by prolonging genera-
tion times and slowing evolutionary rates (Ohta 2011). M. tuberculosis can enter a
granuloma phase in infected individuals, resulting in essentially asymptomatic
carriage (Ford et al. 2011). Bacillus anthracis can survive as a spore in dry soil for
decades, potentially centuries, in which time it does not replicate and therefore does
not accumulate mutations (Rasko et al. 2011). This does not seem to be a necessary
condition, however, as Bordetella pertussis is an obligate human pathogen with no
chronic carrier state (Park et al. 2012). The source-sink evolutionary dynamics
caused by carrier stages in their lifestyles may also reduce variability by stabilising
the genome, as adaptations that are advantageous in the infectious phase confer no
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fitness benefits for invasive disease. This may be the case in Yersinia pestis, which
constantly circulates in rodent populations between its infrequent outbreaks in
humans (Ayyadurai et al. 2008) and in S. enterica serovar Typhi, whose reservoir
is human asymptomatic carriers that may shed the bacteria for decades over their
lifetimes (Holt et al. 2008).

3 Limiting the Rate of Recombination

To date, pathogens with restricted host ranges are among the best studied clonally
evolving populations. A host represents a highly controlled and relatively uniform
environment, and the restriction to a given host range deepens the extreme level of
specialization these populations have undergone. As specialization increases, newly
introduced genes are more likely to disturb existing favorable interactions in the
genome, an effect named recombinational load (Michod et al. 2008). Because of this,
it is advantageous for clonally evolving bacteria to actively suppress their rate of
HGT so as to reduce this load. The realised rate is at a maximum equivalent to the
potential rate, which is determined by the available mechanisms for HGT, but which
in practice is restricted by ecological conditions of the recipient bacteria (Yahara
et al. 2016).

DNA can be transferred between bacteria by three mechanisms, all of which
transfer a small amount of DNA from a donor to a recipient: transduction, conjuga-
tion, and transformation. Briefly, transduction involves infectious virions (most
often bacteriophages) as vectors, while in conjugation the vectors are self-replicating
plasmids or other mobile genetic elements. Bacteria can protect themselves against
these parasitic elements by means of endonucleases, enzymes that cleave foreign
DNA. With these enzymes, invading DNA sequences can be destroyed before or
after they recombine with the bacterial chromosome and consequently prevent cases
of successful HGT from being passed on to subsequent generations (Cohan 2002).
Restriction endonucleases recognise and cleave DNA at specific “target” sequences,
while the more recently discovered CRISPR-Cas system detects the clustered reg-
ularly interspaced short palindromic repeats (CRISPR) after which it is named. The
high specificity of the targets in both restriction and CRISPR systems is key to their
ability to protect bacteria from “foreign” DNA without damaging their own
genomes.

In contrast, transformation depends on a recipient with functional and active
competency machinery to complete the uptake of DNA from the environment.
This requires a set of highly specialised loci that are often spread throughout the
genome and which are conserved across a species (Croucher et al. 2016). Because
expressing this machinery carries a high cost, competence is typically regulated so
that it is transiently expressed only under specific circumstances. When the loss of
one of the genes occurs, relaxed selection on the others ensures that they are quickly
lost. These losses often signal a point of no return for the lineages in which they
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occur, resulting in their extinction, albeit in the long-term perspective of hundreds of
millions of years (Redfield et al. 2006).

Even in the presence of the possibility of HGT, for any of these mechanisms to
succeed at facilitating transfer between two bacteria, the donor and recipient must be
in close proximity to one another, so that the DNA may be passed from one to the
other. Spatial isolation may therefore be a barrier to gene flow (Polz et al. 2013) and
is the basis for the “starving sex hypothesis” that posits clonality as a passive
process, occurring due to the absence of opportunity for mating (Tibayrenc and
Ayala 2016). This may in fact be the case in many pathogenic bacteria, for which
transmission events often mean only a small founding population infects each new
host (Bergstrom et al. 1999).

The limitation of small founding populations can prevent the impact of recombi-
nation in yet another way: if the genetic distance between host and recipient is too
small, the exchange of DNA is inconsequential and indeed unobservable. After
DNA is exchanged, homologous recombination is a necessary step for genetic
material to be incorporated into the genome and subsequently heritable. This
requires that the donor DNA be paired with a chromosomal sequence with which
it has some sequence identity, at least on its flanking sequences. If the donor
sequence and host sequence are identical, homologous recombination may indeed
be occurring, but the like-for-like exchange leaves no trace in a case of “invisible
sex” (Tibayrenc and Ayala 2015). If both donor and recipient bacteria are descen-
dants of a recent transmission event, they may be too closely related to recombine in
ways that can be observed. This may in fact be the most common form of HGT
within bacteria, a mechanism that is advantageous due to its utility in DNA repair
(Feil and Spratt 2001).

With the high resolution possible by WGS analyses, data from multiple samples
of a single patient have shown that multi-clonal infections are more common than
previously thought (Votintseva et al. 2014). For M. tuberculosis, DNA recovered
from human remains indicates that multiple strain infections were commonplace in
eighteenth century Europe (Kay et al. 2015). It is also likely that any colonising
bacteria are not alone in their niche, as every area of the human body has an
associated microbiome (Huttenhower et al. 2012); however, physical proximity to
distantly related bacteria may not lead to HGT as the frequency of transformation is
reduced exponentially as sequence divergence increases. Therefore, the rate of
successful HGT is reduced as the genetic distance between a host and a recipient
increases and the homology between their genome sequences weakens (Cohan
1994). Genetic distance between bacteria can also lower the efficacy of plasmids
and bacteriophages as vectors of HGT as their host ranges are limited to similar
bacteria (Cohan 2002).

In this way, recombination may not occur, even when potential mechanisms are
present and the donor and recipient bacteria are physically close, if the bacteria are
either too distantly related (no HGT will occur) or too closely related (HGT is
non-observable). HGT is a major force in the evolution of the bacteria domain as a
whole, with estimates that up to 20% of genes across the domain have been recently
mobilised by this method. Bacteria rapidly adapt to changes in their environment
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using this method for gene flow to swap the genes in their accessory genome. In a
fully clonal population, HGT is not available as a mechanism for increasing genetic
diversity within a species, and so mutation remains as the only option (Feil and
Spratt 2001).

4 Mutation and the Evolution of Clonal Pathogens

Mutations arise from DNA damage or copying errors and are therefore random with
respect to gene function. Some gene features, such as homopolymeric tracts, may
locally raise the rate of mutation and therefore be found primarily in genes where this
effect is beneficial, but even mutations such as this occur randomly (Orsi et al. 2010).
According to Ohta’s nearly neutral theory model, the majority of mutations have
little or no effect on phenotype, with a small selective coefficient if any, and out of
these, most are slightly deleterious. A minority of mutations will be fatal, and an
even smaller number will confer a strong positive effect on fitness (Ohta 1992).
Obligate pathogens, by the nature of the specialization inherent in their ecology, can
be particularly likely to incur fitness costs from most mutations (Achtman and
Wagner 2008). The consequence of this is that point mutations, by and large,
generate mutations that negatively impact the fitness of the bacterium in which
they arise.

Hyper-mutating bacteria, those that are defective in DNA proof-reading mecha-
nisms, can develop new traits, such as antibiotic resistance, at faster rates, but this
comes at the cost of their overall fitness of the organism as a whole (Woodford and
Ellington 2007). This is because deleterious mutations cannot be easily removed
from the genome in the absence of HGT. In strictly clonal organisms, with no HGT,
linkage disequilibrium is so strong that the entire genome is the evolutionary unit
and natural selection can only remove a deleterious mutation through a strong
purifying selective pressure that causes a genome-wide sweep. By this mechanism,
however, other deleterious mutations can become fixed in a population by
hitchhiking with beneficial mutations during selective sweeps, as the sudden
decrease in population size causes their mild negative effect to be counteracted by
the overwhelmingly positive effect acting upon the allele selected for by the sweep
(Fay and Wu 2000). Population bottlenecks, like sweeps, can remove or fix muta-
tions; however, in this case, due to the small effective population size, it is random
genetic drift, rather than natural selection, which is the predominant force. Conse-
quently, such bottlenecks often fix deleterious mutations that actually reduce fitness.

Distinguishing between sweeps and bottlenecks, especially in retrospect, can be
difficult, due to their similar effects on population structure, in that they both cause a
sudden and severe reduction in the effective population size (Smith et al. 2006). The
survival of a particular variant through a bottleneck may not be entirely decided by
random genetic drift when more virulent genotypes lead to higher bacterial load
within the host and a consequently higher likelihood of transmission to a new host.
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This may explain the bias of clonal lineages to high disease-causing capacity and
greater severity or virulence (Coscolla and Gagneux 2014).

Genome-wide sweeps bear the cost of high genetic load (Nielsen 2005), which
can be mitigated if the effective population size is large, or by increasing the rate of
HGT, which weakens linkage disequilibrium (Parkhill et al. 2003). As neither of
these compensatory options is possible in fully clonal pathogens, purifying selection
pressure is relaxed and ineffective in removing deleterious mutations. While strongly
deleterious mutations, such as those that cause cell death, are removed immediately
from a population, the smaller the negative impact on fitness that a mutation has, the
slower will be the speed at which it is removed from the population. This time lag is
especially marked when the pathogen population is expanding to a new niche, as is
the case in a recently emerged or emerging pathogen species. The rate of
non-synonymous mutations remains constant relative to the time of divergence
while the synonymous mutation rate decreases (Rocha et al. 2006).

The small effective population sizes of specialised pathogens leave them partic-
ularly vulnerable to random genetic drift. Transmission events are in effect popula-
tion bottlenecks, sudden decreases in population size that lead to only a minority of
the population surviving to reproduce further, purging diversity and barring variants
from future generations. Mutations that increase in prevalence due to genetic drift are
the basis for one of the most widely used methods of pathogen classification,
multilocus sequence typing (MLST). This approach indexes housekeeping genes
that are key to the survival of bacteria and form part of the core genome that is
typically present in all members of a species. Their sequences can be investigated for
neutral (or nearly neutral) mutations that reveal phylogenetic relationships (Maiden
et al. 1998, 2013).

Deleterious mutations may be fixed by such mechanisms in a clonally evolving
population, as a consequence of population bottlenecks or through hitchhiking when
genome-wide selective sweeps occur. Combined with relaxed purifying selective
pressure, deleterious mutations can accumulate in a process known as Muller’s
ratchet (Gordo and Charlesworth 2000). During population bottlenecks, small pop-
ulation sizes weaken purifying selection so that random drift becomes the predom-
inant evolutionary force and deleterious mutations can become fixed by chance. As
these mutations are effectively random and can cause genes to lose their function,
purifying selective pressure on them is further relaxed, causing gene loss and
genome degradation. This has been observed in the emergence of B. pertussis, an
obligate human pathogen, from the generalist B. bronchiseptica, which has a much
broader-host specificity and can infect a variety of mammals and birds (Gross et al.
2010). The novel host specificity of B. pertussis has been accompanied by and
perhaps driven by gene loss. In this case, gene loss followed host restriction, most
likely due to the removal of genes that are no longer needed for growth and survival
in the environment between host infections (Cummings et al. 2004). This can give
the bacteria a fitness advantage by streamlining its genome, removing parts which
may have associated costs but no longer incur fitness benefits, but reduction in
genome size may instead be a consequence of genome degradation due to Muller’s
rachet (Mooi 2010). In the case of B. pertussis, the reduction in genome size has been



316 S. Hauck and M. C. J. Maiden

accompanied by a massive increase in insertion sequence copy number and a
consequent loss of genome structure, which suggest that this has not simply been
a streamlining process and that some element of degradative evolution has also
occurred (Bart et al. 2014).

A similar situation is observed in M. tuberculosis, where gene loss is associated
with increased virulence and transmission (Djelouadji et al. 2011). Mycobacterium
leprae, the agent of leprosy, is an even more extreme example from within the same
genus. It is a fully clonal organism, marked by gene decay so extreme that half the
genes in its chromosome have become inactive since the bottleneck that formed the
emergence of the species (Cole et al. 2001). Homologous recombination, through its
origin as a tool for DNA repair, is also an effective way to excise parasitic DNA from
the genome. Species that do not participate in HGT are therefore left vulnerable to
insertion elements and other forms of parasitic DNA, which may accelerate the
degradation of the genome (Croucher et al. 2016). The pattern forms a general
syndrome of genome evolution, where host restriction is followed by pseudogene
formation, gene loss, and increasing numbers of insertion elements (Moran and
Plague 2004). This syndrome can even be observed in the parallel evolution of
independent clonal lineages. S. enterica serovars Paratyphi A and Typhi shared
genes by HGT in the recent past, but their subsequent evolution shows evidence of
convergence. Both serovars have evolved to a greater degree of host restriction and
to cause systemic disease through the loss of function in many of the same genes
(Holt et al. 2009).

S Examples of Adaptive Evolution in Clonal Pathogens

As we have seen, strictly clonal pathogens have limited means by which they can
adapt to changes in their environment, being constrained in their ability to generate
new variants and to reassort these variants by HGT, even within the same species.
Nevertheless, when sufficiently strong, selective pressures can impact the evolution
of these pathogens and lead to adaptation based on single mutations that arise in the
population. Most often this is observed following positive periodic selection, where
a strong selective pressure, following, for example, a change to the environment,
causes a genome-wide sweep that removes any isolates that do not have the allele or
alleles most advantageous to the new environment (Shapiro 2016). In pathogenic
bacteria, such events are typically associated with changes caused by medical
interventions including the introduction of specific treatments.

B. pertussis has been a significant cause of whooping cough morbidity and
mortality in children worldwide, but while the implementation of effective vaccines
successfully reduced the disease burden, the bacterium may still be circulating in the
population as a milder infection in adults (Guiso 2014). Whole-cell vaccines for
B. pertussis are highly effective but often cause mild side effects and occasionally
severe ones. For this reason they were replaced by acellular vaccines in the late
1980s and early 1990s, after which a worldwide selective sweep was observed in the
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circulating B. pertussis strains. The previously dominant ptxP/ organisms were
replaced with strains carrying the ptxP3 allele, which is associated with an increase
in the expression of pertussis toxin. The resulting change in population composition
caused phenotypic consequences beyond the pertussis toxin genes, as other muta-
tions hitchhiked with the pzxP3 variant (de Gouw et al. 2014).

The limited amount of genetic diversity present in clonally evolving populations
may belie their adaptive potential. The few existing points of variability in a
genetically monomorphic population can have a disproportionally high impact on
their biology (Reiling et al. 2013). In M. tuberculosis, whole-genome sequencing has
revealed that the species can adapt when faced with sufficiently strong selection
pressure, as is the case with the emergence of antibiotic resistance in the face of
treatment. The difficulty in achieving therapeutic doses of antibiotics in the intra-
cellular environment of M. tuberculosis compounds the problem of resistance in this
species, as therapy with a single antibiotic is rarely effective and the use of combi-
nation therapies accelerates the emergence of multidrug-resistant strains (Moreno-
Gamez et al. 2015). Despite the need for each resistance-conferring mutation to
occur sequentially within each lineage, resistance is commonplace, and multidrug
resistance is a growing concern for tuberculosis treatment worldwide (Hershberg
et al. 2008).

Hypermutability can enhance the ability of clonal linages to adapt rapidly and
may therefore be actively selected in clonal pathogen populations. This appears to
have been the case for the W-Beijing lineage of M. tuberculosis, a genotype which is
associated with high virulence, in terms of the rate of activation of tuberculosis
disease in patients (Merker et al. 2015). This phenotype enhances the spread of
tuberculosis in large dense urbanised human populations but would be less advan-
tageous in less dense human populations where the chronic latent stage, rather than
the acute symptomatic stage, would be favoured. The mutations promoting virulence
in the W-Beijing lineage have probably played a role in the pandemic spread of this
lineage during the twentieth century (Hanekom et al. 2011). The genetic basis for
this increased pathogenicity is variable throughout the lineage, with the common
factor appearing to be the relaxation of purifying selection on the genes that control
replication and DNA repair, leading to a higher rate of mutations. This increase in
genomic variability provides an evolutionary advantage under stressful conditions
and can compensate for the loss of adaptability caused by the lack of horizontal gene
transfer (Vultos Dos et al. 2008).

S. enterica serovar Typhi has also adapted to the pressure imposed by antibiotic
use, with 15 mutations that confer fluoroquinolone resistance being observed at the
gyrA gene in just a decade. This accumulation of adaptations as a consequence of
strong positive selection is in stark contrast to the evidence of neutral evolution in the
remainder of S. fyphi genome: genetic drift is the predominant force throughout the
genome, with no observed difference in the selective forces in genes associated with
housekeeping functions or pathogenicity (Roumagnac et al. 2000).
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6 Consequences of Clonality

As we have discussed, clonal population structures can lead to specialization and
vice versa, leading to the evolution of a highly specialised bacterial clonal pathogen,
which has lost much of its ancestors’ metabolic capacity. The ecological and
evolutionary consequences of the interaction between clonality and specialisation
are a continuous cycle of small effective population sizes that relax purifying
pressure and increase the dominance of genetic drift, causing deleterious mutations
which may arise to accumulate in the genome. These lead to genome degradation
and genetic isolation, which in turn reduces the genetic diversity of a population
through sweeps and bottlenecks. Specialising to a specific niche, under these cir-
cumstances, can become the only possible evolutionary path that is available to the
organism in question, however short-lived that path may ultimately be.

Sexual reproduction is costly for the organisms that engage in it. They must bear
the cost of searching and competing for a mate, of producing male offspring, and of
sharing only half their genes with any offspring. Why sexual reproduction is widely
maintained despite these costs is an “evolutionary puzzle” (Lehtonen et al. 2012). In
vertebrates, clonality is always a short-lived strategy that inevitably leads to extinc-
tion, though it can be rescued by even occasional recombination (Avise 2015). In
bacteria, parasexual processes, mediated by gene transfer and recombination mech-
anisms, may have evolved primarily as a DNA repair mechanism, belying their
far-reaching evolutionary consequences as a method of genetic exchange. The
ability of HGT to generate diversity and allow genes, rather than entire genomes,
to become the evolutionary units is critical for the long-term success of bacterial
species. As with vertebrates, even occasional recombination seems to prevent the
complementary processes of clonality and specialisation, by markedly improving the
viability of populations over that of a strictly clonal lifestyle (Tibayrenc and Ayala
2012).

When considering the time scales over which clonality can emerge as a stable trait
of a given highly specialised pathogen, it is necessary to “distinguish between short
term emergence of clonal complexes and the more long-term evolutionary history of
a bacterial population” (Feil and Spratt 2001). The concept of clonal lineages
emerging from a context with a high frequency of recombination, due to small
population sizes that lead to genetic isolation, predates genome sequencing (Levin
1981). Expanding upon this theory led to the epidemic clone model, which posits
that even in populations with rampant recombination, successful clones will occa-
sionally cause epidemic waves (Maynard Smith et al. 1993). In this model, a freely
recombining population, comprising many variants that participate in HGT, occa-
sionally gives rise to a clonal lineage that successfully emerges as a transmissible
pathogen (Turner and Feil 2007).

Are the clonal lineages that survive over millennia fundamentally different from
those that survive only until the next genotype in clonal replacement takes over? It is
possible that the various pandemics of Vibrio cholerae, the cause of the diarrheal
disease cholera, are an intermediate between short-lived epidemic clones and more
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long-lived clonal species such as M. tuberculosis. Sublineages that define each
epidemic are observed over the space of a few decades but are replaced by succes-
sive waves of new sublineages. These lineages can also develop into hypermutators,
again with the pattern of fast adaptive evolution to a specific pressure matched by a
decrease in overall fitness (Didelot et al. 2015).

In Salmonella enterica, two time scales of evolution have been proposed, based
on studies of the clonal S. typhi serovar. Evolution to antibiotic resistance occurs in
clinically observable time, affecting transmission and infections, with a much slower
process of genetic drift fixing neutral mutations gradually, resulting in “two distinct
epidemiological dynamics” being present in one population structure (Roumagnac
et al. 2006). This two-level evolution may explain, at least in part, the predominant
nature of clonal evolution being one of stability over thousands of years and marked
only by the slow accumulation of mostly neutral mutations but overlaid with the
rapid adaptation in response to the strong selection pressures that are the conse-
quence of antibiotic use or vaccine implementation.

Intriguingly, in another serovar of this species, S. enterica serovar Typhimurium,
a novel clone appears to currently be emerging as a highly specialised pathogen in
observable time. The ST313 sublineage of S. typhimurium causes invasive disease
rather than the gastroenteritis typical of this serovar. Further, the disease that it
causes is associated with much higher mortality, with up to half of adult cases
resulting in death. The ST313 clone has, through a HGT event, gained a
virulence-associated plasmid that bears many antibiotic resistance genes, and this
seems to have enabled a change in its ecology that has resulted in a shift in its
pathology. The change to an invasive disease niche has subsequently led to genome
degradation, including loss of many of the same genes that are now absent from
S. typhi (Kingsley et al. 2009), in an apparent example of convergent evolution.

Strictly clonal, obligate pathogens of one or a few host species can be seen as a
quirk of evolution. They have emerged as specialised clones of large, more adapt-
able, and diverse populations, but their invasion of this novel niche, with its
consequent process of specialization, comes with the associated costs of loss of
adaptability and perhaps leading to a process of degradative evolution that inevitably
leads to extinction, even if the host species survives. This process of extinction may
take very many host generations and, for a number of human pathogens, this seems
to have been ongoing for many millennia, sufficient for global distribution of these
seemingly evolutionarily doomed pathogens. Given the high virulence that these
pathogens can attain, a fuller understanding of the evolutionary path taken by these
bacteria will aid us in containing the long-standing threats that they pose and that
may be posed by novel pathogens that take the same evolutionary path as a
consequence of changes in human ecology. In this respect, it is worth noting as a
final comment, that our own species is a relative newcomer in terms of worldwide
distribution and ecological success (indeed we are unique among the family
Hominidae in this respect), and it is therefore unsurprising that the obligate clonal
pathogens of humans are also of recent date, with some of them, a notable example
being M. tuberculosis evolving alongside Homo sapiens, with the fate of both
species inexorably linked (Soares et al. 2012) (Fig. 12.1).
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Fig. 12.1 Tllustration of bacterial reproduction and evolution, including epidemic clonality and
fully clonal evolution. Each oval represents one bacterium and its genome, and each row represents
one sampling time period, so that the bacteria in a row are descendants of those in the row above,
separated by many generations. At first the population is evolving as is typical of most bacteria, with
a mix of clonal descent and horizontal gene transfer. Therefore most bacteria contain genetic
material from more than one ancestor, though not all bacteria contribute genetically to further
generations. Between the third and fourth time points, one bacterium is particularly successful and
rapidly increases in abundance, in an example of epidemic clonality. This is a temporary trait,
however, and by the fifth time point onward, the evolutionary processes occurring in its descendants
have returned to the patterns typical of the ancestral population. A different bacterium within the
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