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Abstract 

Globally disseminated bacterial pathogens frequently cause epidemics that are of 

major importance in public health. Of particular significance is the capacity for some 

of these bacteria to switch into a new environment leading to the emergence of 

pathogenic clones. Understanding the evolution and epidemiology of such pathogens 

is essential for designing rational ways for prevention, diagnosis and treatment of the 

diseases they cause. Whole-genome sequencing of multiple isolates facilitating 

comparative genomics and phylogenomic analyses provides high-resolution insights, 

which are revolutionizing our understanding of infectious diseases. In this thesis, a 

range of population genomic analyses are employed to study the molecular 

mechanisms and the evolutionary dynamics of bacterial pathogen niche adaptation, 

specifically between humans, animals and the environment. 

 

A large-scale population genomic approach was used to provide a global perspective 

of the host-switching events that have defined the evolution of Staphylococcus aureus 

in the context of its host-species. To investigate the genetic basis of host-adaptation, 

we performed genome-wide association analysis, revealing an array of accessory 

genes linked to S. aureus host-specificity. In addition, positive selection analysis 

identified biological pathways encoded in the core genome that are under diversifying 

selection in different host-species, suggesting a role in host-adaptation. These findings 

provide a high-resolution view of the evolutionary landscape of a model multi-host 

pathogen and its capacity to undergo changes in host ecology by genetic adaptation. 
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To further explore S. aureus host-adaptive evolution, we examined the population 

dynamics of this pathogen after a simulated host-switch event. S. aureus strains of 

human origin were used to infect the mammary glands of sheep, and bacteria were 

passaged in multiple animals to simulate onward transmission events. Comparative 

genomics of passaged isolates allowed us to characterize the genetic changes acquired 

during the early stages of evolution in a novel host-species. Co-infection experiments 

using progenitor and passaged strains indicated that accumulated mutations 

contributed to enhanced fitness, indicating adaptation. Within-host population 

genomic analysis revealed the existence of population bottlenecks associated with 

transmission and establishment of infection in new hosts. Computational simulations 

of evolving genomes under regular bottlenecks supported that the fitness gain of 

beneficial mutations is high enough to overcome genetic drift and sweep through the 

population. Overall, these data provide new information relating to the critical early 

events associated with adaptation to novel host-species. 

 

Finally, population genomics was used to study the total diversity of Legionella 

longbeachae from patient and environmental sources and to investigate the 

epidemiology of a L. longbeachae outbreak in Scotland. We analysed the genomes of 

isolates from a cluster of legionellosis cases linked to commercial growing media in 

Scotland and of non-outbreak-associated strains from this and other countries. 

Extensive genetic diversity across the L. longbeachae species was identified, 

associated with intraspecies and interspecies gene flow, and a wide geographic 

distribution of closely related genotypes. Of note, a highly diverse pool of L. 

longbeachae genotypes within compost samples that precluded the genetic 
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establishment of an infection source was observed. These data represent a view of the 

genomic diversity of this pathogen that will inform strategies for investigating future 

outbreaks. 

 

Overall, our findings demonstrate the application of population genomics to 

understand the molecular mechanisms and the evolutionary dynamics of bacterial 

adaptation to different ecological niches, and provide new insights relevant to other 

major bacterial pathogens with the capacity to spread between environments. 
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Lay Summary 

Globally disseminated bacterial pathogens frequently cause outbreaks that are of major 

importance in public health. Understanding the evolution and epidemiology of such 

pathogens is essential for designing rational ways for prevention, diagnosis and 

treatment of the diseases they cause. Sequencing and analysing the entire genomes of 

multiple bacteria facilitates the understanding of the evolution of infectious diseases. 

In this thesis, several genomic analyses of pathogenic bacteria from different niches 

were performed to study unresolved aspects of their evolution. First, a global picture 

of the evolutionary history of Staphylococcus aureus was created, providing 

information of the frequent host-switching events that have occurred during the 

evolution of this species. In addition, we identified genes and signatures in the genome 

sequences that can explain adaptation to different host-species, which may represent 

novel therapeutic targets for controlling human and animal infections. To further 

investigate the genetic basis of host-adaptation, sheep were infected with S. aureus 

strains from humans, and bacterial isolates passaged in the animals were sequenced. 

These experiments allowed us to investigate genomic changes acquired during 

evolution in a new host-species. We identified multiple types of mutations and 

coinfection experiments of additional sheep with original and passaged strains 

indicated that such genetic changes were the result of adaptation. Our results were 

unexpected given the continuous bottlenecks introduced by lambs suckling and 

transmissions between animals, but computational simulations of bacteria in a similar 

scenario to the experimental settings revealed that beneficial mutations provide a 

fitness high enough to get fixed in the population. Finally, the origin of a cluster of 

diseases caused by Legionella longbeachae in Scotland in 2013 was investigated using 
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genomic approaches. In particular, we studied the evolution and relationships of 

bacterial isolates from patients and from environmental samples, aiming to identify the 

source of the infections. Our analysis revealed that a high diversity of bacteria exists 

in the environmental samples previous establishment of an infection, which 

complicates the epidemiological investigations if sampling is limited. In addition, 

genomic analysis showed an extraordinary exchange of genetic material between L. 

longbeachae and other species of the same genus. Overall, our study demonstrates the 

application of genomics and evolutionary analysis to understand the mechanisms 

underlying bacterial adaptation to different ecological niches and provide new insights 

relevant to other bacterial pathogens with the capacity to spread between 

environments.  
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1 Introduction  

1 
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1.1. Bacterial pathogens and emerging infectious diseases  

Globally disseminated bacterial pathogens that cause infectious diseases are 

responsible for millions of deaths every year, representing a major cause of human 

morbidity and mortality in the world (Binder et al., 1999; WHO, 2017). Over the last 

few years, multiple infectious diseases are emerging and re-emerging, a trend expected 

to continue due to a combination of factors, including population growth, socio-

economic changes and environmental and ecological conditions (Bloom et al., 2017; 

Jones et al., 2008). Examples of recent emerging infectious diseases (EID) include the 

2010 cholera outbreak in Haiti (Tuite et al., 2011), the foodborne epidemic of 

Escherichia coli O104:H4 in Germany in 2011 (Buchholz et al., 2011), and the 

invasive non-typhoidal Salmonella disease in Africa (Feasey et al., 2012). The 

emergence and spread of bacterial infectious diseases is unpredictable and has caused 

substantial impacts on global economies and societies (Bloom et al., 2017). Despite 

the efforts made by the scientific community and medical specialists in aiming to 

reduce the impact of these pathogens, inappropriate use of antimicrobial drugs or the 

intensification of agriculture and farming are complicating this objective enormously 

(Tomley and Shirley, 2009). One of the main reasons behind the emergence of 

bacterial infections is the global spread of antibiotic-resistant strains such as epidemic 

methicillin-resistant Staphylococcus aureus (MRSA) (Moran et al., 2005), multidrug-

resistant Streptococcus pneumoniae (Nuermberger and Bishai, 2004), and 

vancomycin-resistant Enterococcus (O’Driscoll and Crank, 2015), which cause 

persistent infections difficult to treat. Multidrug-resistant pathogens are considered a 

serious global health crisis, and new antibiotics are urgently needed (CDC, 2013; 

Garner et al., 2015). 
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In addition, many bacterial pathogens are also capable of infecting animals 

(Woolhouse et al., 2001) and the majority of EIDs are caused by zoonotic pathogens 

(Palmer et al., 1998; Taylor et al., 2001). Generally, these pathogens can be 

transmitted by multiple hosts and are known as ecological generalists, as opposed to 

specialist pathogens, which are restricted to a single host-species (Woolhouse et al., 

2001). The capacity of bacteria to cross the host-species barrier represents an 

additional threat to global health and therefore investigating the factors that contribute 

to inter-species transmission and human disease emergence is important (Taylor et al., 

2001). 

 

Understanding the evolution, natural reservoirs and virulence of bacterial pathogens is 

essential for epidemiological considerations, designing control and prevention 

measures, and for the diagnosis and treatment of the diseases they cause (Bentley and 

Parkhill, 2015). The ongoing development of high-throughput sequencing 

technologies and associated reduction of sequencing costs is enabling researchers to 

rapidly sequence the genomes of bacterial isolates (Li et al., 2014). The great amount 

of data generated, combined with epidemiological and clinical information, are 

providing high-resolution insights which are revolutionizing our understanding of 

infectious diseases (Dye, 2014; Firth and Lipkin, 2013). 

 

 Staphylococcus aureus: A global re-emerging pathogen  

Staphylococcus aureus is a Gram-positive bacterium that is part of the commensal 

flora of humans (Acton et al., 2009; Frank et al., 2010; Nilsson and Ripa, 2006). S. 

aureus is asymptomatically carried in the nares by around 25-30% of healthy people 



 

 9 

and intermittently carried by another 60 % (Kluytmans et al., 1997; Wertheim et al., 

2005). However, S. aureus is also an opportunistic pathogen and carriage represents a 

risk factor of subsequent infection (Casewell and Hill, 1986). If the skin or mucosal 

membranes are damaged, S. aureus is able to invade the tissues and cause a wide range 

of diseases in humans (Lowy, 1998), which vary from mild skin infections (Frazee et 

al., 2005) to very acute systemic infections, including bacteraemia, infective 

endocarditis, osteoarticular infections and pulmonary infections (Tong et al., 2015). In 

addition, S. aureus produces a range of toxins that can cause food-poisoning and toxic 

shock syndrome after ingestion of contaminated products (Gordon and Lowy, 2008). 

 

Staphylococcal infections commonly require antimicrobial treatment, and the 

increasing prevalence of resistance to almost all classes of antibiotics represents a 

major threat to public health (Howden et al., 2014; Stefani and Goglio, 2010). Shortly 

after the introduction of penicillin in the 1940s, S. aureus strains resistant to this 

antibiotic were reported (Barber and Rozwadowska-Dowzenko, 1948; Kirby, 1944). 

Similarly, following the introduction of methicillin into clinical practice, methicillin-

resistant S. aureus (MRSA) were reported in the UK in 1961 (Jevons, 1961), although 

they had emerged in the mid-1940s, selected by the use of penicillins (Harkins et al., 

2017). MRSA strains are particularly successful in developing antimicrobial resistance 

and have disseminated around the world (Nübel et al., 2010). MRSA-infections were 

traditionally healthcare-associated (HA-MRSA), representing the leading cause of 

nosocomial infections (Diekema et al., 1999). Although HA-MRSA is highly 

prevalent in hospitals worldwide, infection rates vary considerably between different 

regions, with the highest rates of over 70% in some Asiatic countries (Song et al., 



 

 10 

2011) and rates below 5% in some North European countries (Stefani et al., 2012). In 

the UK, multidrug-resistant MRSA have been endemic in hospitals since the 1990s 

(Richardson and Reith, 1993) and HA-MRSA infections increased steadily every year 

until the late 2000s, when this trend shifted and started to decline (Ellington et al., 

2009). Nevertheless, HA-MRSA infections affect more than 150,000 patients annually 

in the European Union and represent an extra-cost of €380 million for the healthcare 

systems (Kock et al., 2010). The risk factors for acquiring HA-MRSA include previous 

antibiotic treatment, prolonged hospitalization and intravenous catheters (Lowy, 1998; 

Raygada and Levine, 2009), and despite interventions for preventing MRSA infections 

in healthcare settings, some episodes will always likely occur (Török et al., 2014). 

 

Since the beginnings of the 1990s, new MRSA strains associated with the community 

(CA-MRSA) were described (Herold, 1998), and CA-MRSA infections rapidly 

increased in prevalence (Dukic et al., 2013). CA-MRSA were mostly associated with 

children, young patients, militaries, athletes and otherwise healthy people without 

identifiable risk factors (Gorak et al., 1999; Herold et al., 1998). CA-MRSA strains 

usually present increased virulence compared to HA-MRSA (Voyich et al., 2006), and 

often cause severe skin and soft-tissue infections (Boyle-Vavra and Daum, 2007; 

Frazee et al., 2005). CA-MRSA have disseminated worldwide, representing an 

endemic problem in many countries (Dukic et al., 2013), with several epidemics 

reported in the USA and Europe (Landrum et al., 2012; Otter and French, 2010). 

Although hospital and community associated S. aureus strains were considered 

genetically and clinically distinct (Naimi et al., 2003), the differentiation between them 

is becoming more ambiguous, with several recent reports describing increasing 
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transmissions between these two settings (Espadinha et al., 2013; Stryjewski and 

Corey, 2014). 

 

In addition to humans, S. aureus can also colonize and infect a diverse range of animal 

species, including wild animals, livestock and companion animals (Kloos, 1980; Peton 

and Le Loir, 2014; Smyth et al., 2009). Some of the most common diseases caused by 

S. aureus in animals include osteomyelitis in poultry (McNamee and Smyth, 2000); 

exudative epidermidis in swine (Van Duijkeren et al., 2007), skin infections and 

pododermatitis in rabbits (Corpa et al., 2009), mastitis in sheep, goats and cattle 

(Holmes and Zadoks, 2011; Menzies and Ramanoon, 2001), all associated with 

economic loses in the livestock industry. MRSA carriage in companion animals such 

as cats and dogs has also been reported (Bierowiec et al., 2016; Sasaki et al., 2012), 

representing a major risk for development of infections by the animals themselves and 

as reservoirs for transmission into vulnerable people (Loeffler et al., 2011). S. aureus 

has also been isolated from wild animals, including apes, monkeys, bats and marine 

mammals, which probably act as a reservoir of the pathogen (Monecke et al., 2016; 

Schaumburg et al., 2012). 

 

During the last decade, the extensive use of antibiotics in farming has led to the 

widespread emergence of multidrug resistant S. aureus strains (Grave et al., 2010), 

and numerous cases of MRSA of animal origin have been reported in association with 

human infection (Sakwinska et al., 2011; Voss et al., 2005). These strains are usually 

referred to as livestock-associated MRSA, and reveal the zoonotic potential of S. 

aureus (Voss et al., 2005). As a generalist pathogen, the capacity of S. aureus to infect 
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multiple host-species and transmit between humans and animals represents a major 

threat to public health. Therefore, understanding the evolutionary dynamics and 

molecular basis of host-adaptation is important for implementing control measures to 

prevent S. aureus infections. 

 

1.1.1.1 Genomic landscape of S. aureus 

The typical S. aureus genome consists of a single chromosome of approximately 2.8 

Mb in length (ranging from 2.7 Mb to 3.1 Mb), with low GC content (33%) and 

encoding approximately 2650 genes (Fitzgerald et al., 2001; Holden et al., 2004; Sass 

et al., 2012). Comparative genomic studies revealed a conserved genome structure, 

with around 75% of genes shared across all genomes, which make up the core genome 

of this pathogen (Lindsay and Holden, 2004). In addition, the genome structure is 

highly conserved, with most strains presenting high levels of synteny between them 

(Lindsay and Holden, 2006).  

 

The non-core genome or accessory genome of S. aureus is largely represented by 

mobile genetic elements (MGE) (Alibayov et al., 2014; Lindsay and Holden, 2004, 

2006), including plasmids, bacteriophages, staphylococcal pathogenicity islands 

(SaPI), staphylococcal cassette chromosomes (SCC), transposons and insertion 

sequences (Kuroda et al., 2001). These elements are frequently exchanged between 

strains through horizontal gene transfer (HGT) and play an important role in 

staphylococcal evolution and ecological adaptation (Malachowa and Deleo, 2010). 

S. aureus may carry one or more plasmids, circular DNA molecules that auto-replicate 

independently of the main chromosome (Lindsay, 2008). Plasmids are highly variable 
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in gene content and many encode resistance to antibiotics, metals, antiseptics, 

virulence factors or toxins (Bayles and Iandolo, 1989; Lindsay and Holden, 2006; 

Omoe et al., 2003). Plasmids can be classified into three families, depending on their 

size, gene content and replication mechanism (Lozano et al., 2012; Malachowa and 

Deleo, 2010; Shearer et al., 2011): small multicopy plasmids (<5 kb) usually carrying 

one resistance determinant (Khan, 2005); larger low copy plasmids (15-30 kb) that can 

carry several resistance genes associated with transposable elements (Alibayov et al., 

2014); and large conjugative plasmids (up to 60 kb) containing multi-resistance genes 

(Berg et al., 1998). Plasmids can be transferred vertically or horizontally by 

transduction or conjugation (Morikawa et al., 2003), and once they have entered a new 

cell, plasmids can linearize and integrate into the chromosome (Malachowa and 

DeLeo, 2010). 

 

Bacteriophages are important for the evolution and adaptation of S. aureus to different 

environments (Goerke et al., 2009). Phages can be classified into three groups 

according to their size, integrase genes and insertion sites (Goerke et al., 2009; Lindsay 

and Holden, 2004), but the majority of staphylococcal phages belong to the 

Siphoviridae family, of which one is usually at least present (Baba et al., 2002; 

Brussow et al., 2004; Canchaya et al., 2003). These bacteriophages are around 40 kb 

and have conserved genes associated with their life cycle and maintenance in the host 

cell (Goerke et al., 2009; Kwan et al., 2005). However, they also encode virulence 

determinants, such as the Panton-Valentine leucocidin and staphylococcal 

enterotoxins such as SEP (Coleman et al., 1989; Zou et al., 2000), or genes encoding 

immune evasion factors specific for the human innate immune defence (van Wamel et 
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al., 2006). Phages are highly mosaic due to recombination (Kwan et al., 2005), and S. 

aureus genome plasticity is largely the result of the gain and loss of these elements 

(Goerke et al., 2006; Goerke and Wolz, 2004). 

 

Prophages can also participate in the mobilization of other MGEs, such as the helper 

phage 80α mediating the excision of SaPI1 (Fitzgerald et al., 2001; Novick and Subedi, 

2007). SaPIs represent a differentiated type of MGE that range from 15 kb to 17 kb in 

size, with highly conserved core genes for their own replication (Novick and Subedi, 

2007; Ubeda et al., 2007). Additionally, SaPIs encode a series of superantigens, 

including enterotoxins and the toxic shock syndrome toxins (TSST-1) (Fitzgerald et 

al., 2001; Yarwood et al., 2002), with the exception of the SaPIbov2 that encodes an 

adhesion protein important for bovine mastitis infections (Úbeda et al., 2003).  

 

Staphylococcal cassette chromosomes (SCC) are genetic elements ranging from 21 to 

67 kb that insert into the orfX gene on the chromosome (Boundy et al., 2013) and 

usually encode antibiotic resistance or virulence factors (Luong et al., 2002). The most 

typical SCC element carries a methicillin-resistant gene mecA (SCCmec), encoding 

the penicillin binding protein that confers resistance to methicillin and all β-lactam 

antibiotics (Chambers and Deleo, 2009; Katayama et al., 2000).  

 

In addition, other MGEs exist, such as the integrative and conjugative elements (ICEs) 

(Smyth and Robinson, 2009) or the genomic islands ѵSaα and ѵSaβ, present in the 

majority of genomes and predicted to have arisen from HGT (Dobrindt et al., 2004; 

Fitzgerald et al., 2003).  



 

 15 

 
 

Figure 1.1. Bacterial pathogen transmission between niches. a) Staphylococcus 

aureus colonizes and infects a range of human and animal species, and can spread both 

into hospital and community associated settings and into the environment. b) 

Legionella longbeachae is present in the soil and growing media products, replicating 

within environmental protozoa and causing respiratory infections in humans. 
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 Legionella longbeachae: A new emerging pathogen in Europe  

Legionella longbeachae is a Gram-negative bacillus commonly found in soil and 

composted waste wood products (Whiley and Bentham, 2011). Similarly to other 

species of the Legionella spp. genus, L. longbeachae naturally replicates in a range of 

environmental protozoa, but when humans inhale contaminated aerosols, the bacteria 

is able to cause respiratory infections known as legionellosis (Fields et al., 2002). 

 

L. longbeachae was first isolated in 1980 from respiratory tract samples from patients 

with pneumonia in the USA (Bibb et al., 1981; McKinney et al., 1981). The symptoms 

of L. longbeachae infections are similar to other legionellosis, ranging from an 

influenza-like illness to severe pneumonia (Amodeo et al., 2010; Cameron et al., 

2016), but infections can also be associated with gastrointestinal and neurological 

symptoms (Amodeo et al., 2010; Mentula et al., 2014). Moreover, L. longbeachae can 

cause extra-pulmonary infections, including endocarditis and sternal-wound infections 

(Grimstead et al., 2015; Leggieri et al., 2012; Mentula et al., 2014). Although pre-

hospital symptoms of L. longbeachae and L. pneumophila infections do not show any 

differences (Cameron et al., 2016), L. longbeachae diseases are generally less severe 

(Buchrieser and Hilbi, 2013). In addition, two serogroups have been characterized 

within L. longbeachae, with most of the human infections being caused by Sg1 strains 

(Cameron et al., 1991). 

 

The risk factors for acquiring L. longbeachae legionellosis include smoking, 

immunosuppression and pre-existing medical conditions (Kenagy et al., 2017; Whiley 



 

 17 

and Bentham, 2011). Males over 50 years of age are also more predisposed to develop 

the infection (Amodeo et al., 2010; Cameron et al., 2016; O’Connor et al., 2007).  

 

Contrary to legionellosis caused by L pneumophila, typically linked to artificial water 

systems (Edelstein, 1982), L. longbeachae infections have been associated with 

exposure to soil-derived products, compost, and potting mixes (Koide et al., 2001; Yu 

et al., 2002). Microbiological and epidemiological investigations have identified that 

legionellosis by L. longbeachae usually affect keen-gardeners (Potts et al., 2013; 

Pravinkumar et al., 2010), and a recent survey of bagged potting composts in the UK 

revealed that 16% of the plant-growing media contained the pathogen (Currie et al., 

2013). Additionally, a study in Japan found that 8% of potting mixes tested positive 

for L. longbeachae presence (Koide et al., 2001), and it has also been detected in low 

proportions in natural soils (Steele et al., 1990) and potting mixes in other countries 

(Casali et al., 2014; Velonakis et al., 2010). It has been hypothesized that the heat and 

high humidity conditions reached during the composting process favour its growth 

(Steele et al., 1990). However, the primary environmental reservoir and the 

transmission routes of this bacterium remain unknown (Whiley and Bentham, 2011). 

 

The incidence of L. longbeachae is variable between counties. In Australia, New 

Zealand and South East Asia, this pathogen causes legionellosis in similar proportions 

to L. pneumophila (Cramp et al., 2010; Graham et al. 2012; Li et al., 2002), while in 

Europe and the United States, L. longbeachae only accounts for less than 5% of 

reported cases (Joseph et al., 2010; Marston et al., 1994). However, the number of 

infections in Europe is increasing, with a notable rise in the United Kingdom in recent 
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years (Cameron et al., 2016; Lindsay et al., 2012; Potts et al., 2013). Here, the first 

reported case of L. longbeachae dates back to 1984, and during the following 3 

decades, only a dozen additional cases were identified (Lindsay et al., 2012). However, 

since 2008, L. longbeachae infections have been reported every year in Scotland, with 

several cases occurring simultaneously in 2013 and 2014 (Potts et al., 2013; Cameron 

et al., 2016). Public health authorities have associated this increase with a switch in 

the commercial availability of compost from peat-based growing media to pine 

sawdust and bark composts, bringing Europe into line with Australia (Whiley and 

Bentham, 2011). In addition, a series of factors such as the recent climatic conditions, 

the way growing media products are stored and handled, and the immune status of the 

patients could also explain the L. longbeachae outbreaks in Scotland (Lindsay et al., 

2012; Currie et al., 2013; O'Connor et al., 2007).  

 

Of note, the increase in L. longbeachae incidence has not been observed in the rest of 

the UK, probably due to the improved sensitive testing protocols used by the Scottish 

Reference Laboratories (Potts et al., 2013). Traditional techniques used for diagnosis 

of L. longbeachae and its differentiation from other Legionella spp. include culturing, 

serology, PCR and urinary antigen testing (Cameron et al., 2016). However, 

community-acquired pneumonia by non-L. pneumophila species will continue to be 

under-diagnosed unless routine PCR tests on respiratory secretions samples from 

hospitalized patients are incorporated into the surveillance system (Murdoch et al., 

2013; Cameron et al., 2016).  
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In epidemiological investigations, the rapid characterisation of related isolates is 

essential to identify the source of the infections and subsequent implementation of 

control measures that prevent future contagions (Reuter et al., 2013). Whole-genome 

sequencing (WGS) facilitates diagnosis of bacterial pathogens, and its extraordinary 

discriminatory power (Claudio U. Köser et al., 2012) has been applied to study several 

Legionella outbreaks (Graham et al., 2014; Lévesque et al., 2014; Mcadam et al., 

2014; Raphael et al., 2016; Reuter et al., 2013). In addition, WGS provides valuable 

information on the population structure of pathogens, and the availability of multiple 

genomes from isolates obtained in different geographic areas in different years can be 

useful for understanding the evolutionary dynamics of Legionella spp. (Rao et al., 

2013). 

 

1.1.2.1 Genomic landscape of L. longbeachae 

The genome of L. longbeachae strain NSW150 consists of a main chromosome of 4 

Mb and a plasmid of 71 kb, which in total encode for more than 3500 proteins. 

Compared to a typical L. pneumophila genome, L. longbeachae is 500 kb larger, and 

around 65% of the genes are homologous between the two species (Cazalet et al., 

2010). Only five L. longbeachae strains have been sequenced to date (Cazalet et al., 

2010; Gomez-Valero et al., 2011; Kozak et al., 2010), and comparative genomic 

analysis with L. pneumophila genomes revealed the specific genetic features of L. 

longbeachae that reflect its niche adaptation (Cazalet et al., 2010). Of note, L. 

longbeachae genomes contain several genes encoding proteins found in plant 

pathogenic bacteria, including enzymes capable of degrading vegetable material 

(Cazalet et al., 2010). A major difference with L. pneumophila is that L. longbeachae 
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does not encode flagella, which may explain differences in mouse susceptibility to 

infection between these two species (Cazalet et al., 2010, Kozak et al., 2010). In 

addition, global gene expression profiles revealed differences in the life cycles of the 

two species, with L. longbeachae presenting a more subtle environmental-protozoa 

biphasic life cycle (Cazalet et al., 2010).  

 

A common feature of Legionella genus genomes is the presence of genes encoding 

many secreted virulence factors, known as effectors, which manipulate biological 

processes within host cells (Burstein et al., 2016). These effectors are translocated into 

the cells via the Icm/Dot secretion system (Isberg et al., 2009; Segal et al., 1998), 

which is highly conserved among Legionella species (Feldman et al., 2005). The 

effectors are variable between different species, and many of those uniquely encoded 

by L. longbeachae genomes have eukaryotic domains or resemble eukaryotic proteins 

that can mimic the activities of the host molecules and disrupt their functions (Cazalet 

et al., 2010).  

 

Comparative genomic analysis of L. pneumophila Sg1 genomes revealed that 

recombination and horizontal gene transfer between strains of the same and different 

species have played a major role in the evolution of this genus (Gomez-Valero et al., 

2011). Exchange of plasmids between strains has also been an important strategy for 

genome diversification and a series of plasmids have circulated between distinct 

Legionella species (Gomez-Valero et al., 2011). 
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1.2. Population genomics of infectious diseases 

In order to understand the evolutionary and epidemiological processes associated with 

the emergence of bacterial pathogens, we must consider the natural genetic variation 

existing within natural populations (Spratt and Maiden, 1999). The field of population 

genetics examines allele frequencies in populations and the evolutionary factors that 

affect their distribution over space and time (Lewontin, 1985). Population genetics 

originated in the first half of the 20th century and was driven by theoretical insights 

with limited empirical data. However, with the falling costs of next-generation 

sequencing technologies, it expanded from the analysis of a few specific genes to the 

study of entire genomes, giving rise to the emerging area of population genomics 

(Black et al., 2001; Whitaker and Banfield, 2006).  

 

Thus, population genomics refers to the analysis of whole genome sequences to study 

the evolutionary forces that influence genetic variation across populations (Gulcher 

and Stefansson, 1998). Understanding the effects of mutations, selection, gene flow 

and recombination on the genetic diversity of bacterial populations provides 

information of the pressures underlying bacterial adaptation (Perez-Losada et al., 

2006). In addition, population genomics examines the effects of forces influencing 

genomes at population level, including population bottlenecks and genetic drift, which 

are indicative of demographic patterns (Black et al., 2001; Guttman and Stavrinides, 

2010). Population genomics can provide fundamental insights into the evolution of 

pathogens, their population dynamics, transmission patterns, and genotype-phenotype 

associations, which are critical for the development of effective public health control 

strategies (Pérez-Losada et al., 2006).  
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 Typing and genetic diversity of bacteria 

The ability to differentiate and classify bacterial isolates into sub-groups or types is an 

important step to understand their evolution and the epidemiology of the infectious 

diseases they cause. Combining this information with temporal, spatial and clinical 

data permits us to infer the geographical spread of pathogens and disease associations, 

which is needed to identify their sources and prevent further infections (Bentley and 

Parkhill, 2015). 

 

Traditionally, typing methods of bacteria relied on the characterization of phenotypic 

properties, including serotype, bacteriophage type, antimicrobial susceptibility or 

biotype (Foxman et al., 2005; Tenover et al., 1997). Molecular typing techniques such 

as multilocus enzyme electrophoresis (MLEE) (Selander et al., 1986) and pulse-field 

gel electrophoresis (PFGE) (Hennekinne et al., 2003) were also widely used to 

investigate the genetic structure of natural populations of pathogens (Fitzgerald et al., 

1997; Hartl and Dykhuizen, 1984; Turabelidze et al., 2000). Although these methods 

provided valuable insights for understanding the diversity of pathogen populations, 

they were limited in terms of the reproducibility achieved and in many cases they did 

not provide enough resolution to discriminate between bacterial lineages (Hunter, 

1990).  

 

With advances in DNA sequencing methods, new typing schemes based on the 

sequence variation were developed (Bentley and Parkhill, 2015). Among these, the 

most popular approach was multilocus sequence typing (MLST), which consists of 

sequencing a small number of loci, typically four to seven (Maiden et al., 1998). MLST 
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represented an enormous improvement compared with previous techniques, as it 

captures the ancestral relationships between the isolates and therefore provides a better 

resolution (Vinatzer et al., 2014). In addition, the information can be uploaded into 

databases accessible by the research community and MLST schemes for around 130 

microbial taxa have been developed (pubmlst.org/databases.shtml). For S. aureus, 

MLST involves the sequencing of 7 house-keeping genes, and isolates are assigned to 

one of over 2200 sequence types (ST), which in turn can be grouped into clonal 

complexes (CC) (Enright et al., 2000). MLST has proven to be effective for studying 

S. aureus evolution, virulence and antibiotic resistance (Turner and Feil, 2007). It was 

used to classify more than 3000 clinical and veterinary isolates of MRSA from 

different countries, which represented a vast diversity of S. aureus strains and provided 

an overview of pandemic, epidemic and sporadic strains (Monecke et al., 2011). 

MLST has also been used to determine the level of clonality of S. aureus, the 

distribution of the disease-causing strains and the significance of homologous 

recombination in the diversification of this pathogen (Feil et al., 2003).  

 

Although this methodology has been essential for investigating multiple aspects of 

bacterial populations, the resolution provided by MLST schemes is still limited to fully 

comprehend the evolution, population structure and phylogeography of pathogens 

(Achtman, 2008). With the decreasing costs of WGS, sequencing of hundreds and 

thousands of bacterial isolates is now possible, which allows the study of bacterial 

populations at an extremely detailed resolution. 
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 Population structure of bacterial pathogens 

The population structure of bacterial pathogens is shaped by different evolutionary 

processes, including those that generate genetic variation and those that modulate the 

frequency of such variation (Andam et al., 2017). Bacteria are primarily clonal, as they 

reproduce by cell division, with the descendant genomes being strictly identical to the 

parental genome (De Meeûs et al., 2007). Mutations are the ultimate source of genetic 

variation, and if not purged, they may spread and fixate in the population (Barrick and 

Lenski, 2013). The majority of mutations are neutral or deleterious (Loewe and Hill, 

2010), but long-term adaptation is driven by beneficial mutations, which improve the 

fitness of an organisms in a particular environment (Nielsen, 2005). Alleles conferring 

an advantage increase in frequency, and if several appear at the same time, they 

compete for fixation in a process known as clonal interference (Biek et al., 2015). On 

the contrary, deleterious mutations influence the fate of the beneficial mutations, and 

reduce the adaptation rate (Charlesworth et al., 1993).  

 

Natural selection favours the appearance of fitter genotypes, with beneficial mutations 

sweeping through a population and leading to the loss of other genotypes (Levin, 

1981). This process is referred to as periodic selection, and as a consequence, evolving 

lineages present sets of mutations associated in higher frequencies than expected by 

chance. This generates patterns of chromosomal polymorphism (linkage 

disequilibrium), which are a clear indication of clonal evolution (Smith et al., 1993; 

Tibayrenc and Ayala, 2012). Some species of pathogens are highly clonal, such as 

Mycobacterium tuberculosis, Bordetella pertussis or Yersinia pestis, which are  
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Figure 1.2. Population structures of bacterial pathogens. a) Clonal population 

structures contain distinguishable lineages. b) Monomorphic/epidemic populations are 

genetically uniform and usually emerge as independent lineages due to bottlenecks or 

selective sweeps. c) Recombination events between two different lineages can lead to 

hybrid clones. d) Highly recombinant species with strains exchanging genetic material 

with other members of the population result in reticulated genealogies.  
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genetically uniform and emerged as independent lineages from the accumulation of  

mutations from other species (Figure 1.2b) (Lan and Reeves, 2001; Spratt, 2004). 

Another common feature of clonality is the presence of distinguishable clones within 

the population and some bacterial pathogens such as S. aureus or Salmonella typhi are 

made of populations that consist of independent evolving lineages that represent quite 

stable clones (Figure 1.2a) (Baker et al., 2010; Didelot et al., 2011). These clones are 

groups of isolates that descend from a recent common ancestor and usually present 

similar biological features, such as specific patterns of virulence or host-specificity 

(Spratt, 2004). For example, in the case of S. aureus, studies have shown that many of 

the isolates belong to host-specific clones (sequence types or clonal complexes) 

(Guinane et al., 2010; Lowder et al.,2009; Smyth et al., 2009; Fitzgerald, 2012). 

Similarly, distinct enterotoxigenic Escherichia coli clades have been associated with 

specific virulence profiles (von Mentzer et al., 2014). 

 

 Recombination and horizontal gene transfer  

Another molecular process underlying the emergence of variation in bacteria is 

recombination. Recombination is usually associated with the horizontal transfer of 

DNA fragments between a donor and a recipient bacteria, which can take three forms: 

conjugation (plasmid exchange), transduction (mediated by bacteriophages) and 

transformation (absorption of DNA from the environment) (Prugnolle and de Meeûs, 

2011). Horizontal gene transfer (HGT) is the principal mechanism of genetic exchange 

for most bacterial pathogens and is responsible for the transfer of adaptive mutations 

through a population in a similar way to sexual recombination (Narra and Ochman, 

2006; Ochman et al., 2000). 
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HGT and recombination can occur between distant taxa or closely related organisms, 

leading to the acquisition of new sets of genes or to the generation of novel 

combinations of alleles that facilitate adaptation of bacteria to new environments 

(Juhas, 2013; Treangen and Rocha, 2011). For example, Streptococcus pneumoniae 

exchanges genes with other streptococcal species sharing the same niche, such as 

Streptococcus mitis, Streptococcus infantis and Streptococcus oralis, and this 

represents the main evolutionary mechanism of this pathogen to rapidly adapt to 

selective pressures (Figure 1.2d) (Chaguza et al., 2015; Donati et al., 2010). In 

addition, high levels of homologous recombination have been associated with the 

emergence of nosocomial pathogens such as Enterococcus faecium (Arias and Murray, 

2012), which also demonstrate a great capacity to gain genetic elements carrying 

antimicrobial resistance determinants (van Hal et al., 2015). 

 

Recombination has played an important role in the emergence of new pathogens 

(Takuno et al., 2012). In bacteria with high levels of recombination, mosaic genotypes 

are frequently observed, resulting from the recombination of genomic fragments 

between two different species (Figure 1.2c). For example, some Neisseria spp. isolates 

cannot be clearly classified into Neisseria meningitidis or N. lactamica, as they contain 

gene fragments from both species (Corander et al., 2012). In S. aureus, the hybrid 

clones ST239 and ST71 originated from large recombination events where strains from 

specific STs acquired large DNA fragments from others (635 kb and 329 kb 

respectively) (Holden et al., 2010; Spoor et al., 2015). Of note, hybrid clones may 

acquire new pathogenic traits such as immune evasion genes, antibiotic resistance 

determinants or host-adaptive factors (Spoor et al., 2015). Although S. aureus is 
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considered to be largely clonal (Fei et al., 2003), recent studies have shown that the 

recombination rate is much higher than previously estimated (Takuno et al., 2012), 

with mobile genetic elements driving recombination hotspots in the core genome 

(Everitt et al., 2014).  

 

HGT is one of the major evolutionary processes shaping bacterial population structure 

and knowing the level of recombination for a given species is essential to understand 

its evolutionary dynamics (Tibayrenc and Ayala, 2012). Low levels of recombination 

will result in highly clonal populations, with well-defined lineages over time scales. 

On the contrary, highly recombinogenic pathogens are associated with fuzzy and 

diversifying species (Spratt and Maiden, 1999; Corander et al., 2012). This is 

particularly important in epidemiological studies for identifying the source of bacterial 

infections and transmission chains. For example, genomic investigations of a 

legionellosis outbreak in Edinburgh by L. pneumophila revealed that infections were 

caused by multiple genetic subtypes of this pathogen, the majority of which had 

diversified from a single progenitor through mutation, recombination, and horizontal 

gene transfer, making the source attribution challenging (McAdam et al., 2014).  

 

1.3. Adaptive evolution to new niches: host adaptation 

Population genomic analyses of pathogenic bacteria have provided substantial 

contributions to our understanding of how pathogens adapt to specific ecological 

niches and in particular to different host-species. Although some bacteria are 

specialized to colonizing only a single host-type, many pathogens can live in multiple 

host-species, providing opportunities for expansion into new host populations and thus 
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representing a major threat to global health (Jones et al., 2008). Notably, the majority 

of emerging human infectious diseases are caused by pathogens that also infect 

animals (Taylor et al., 2001) and most of them have been traced to an animal origin 

(Wiethoelter et al., 2015; Woolhouse and Gowtage-Sequeria, 2005). The transmission 

of pathogens from other species into human populations is a natural consequence of 

the capacity of microbes to exploit new niches and adapt to new hosts (Karesh et al., 

2012). The ecological and demographical factors associated with the domestication of 

animals in the Neolithic period and the more recent agricultural industrialization and 

globalization have facilitated the transmission of pathogens between humans and 

animals. Among these factors, the large density of populations and high frequency of 

contacts between humans and animals have contributed significantly (Hudson et al., 

2008; Jones et al., 2013; Taylor et al., 2001; Karesh et al., 2012). 

 

Expansion into a new host-species involves multiple steps, starting with the invasion 

of the new host, followed by transmission within the new host-species, and finally the 

establishment of the bacteria in the new host population (Wolfe et al., 2007). Many 

infections transmitted from animals to humans have limited subsequent person-to-

person transmissions (spillover events), but pathogens with capacity to spread 

efficiently between people can give rise to local and global outbreaks (Bentley and 

Parkhill, 2015).  

 

Numerous studies have made efforts to trace and quantify the dynamics of human 

diseases with zoonotic origins (Wolfe et al., 2007; Woolhouse et al., 2005; Jones et 

al., 2013). In addition, WGS of pathogenic bacteria isolated from different host-
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species have revealed multiple genetic changes associated with adaptation to specific 

host-types, including single nucleotide SNPs in S. aureus adaptation to rabbits (Viana 

et al., 2015), gene inactivation in Salmonella adaptation to chickens (Foley et al., 

2013), pseudogenization in Streptococcus agalactiae for adaptation to the bovine 

udder environment (Almeida et al., 2016), gene loss in various subspecies of 

Salmonella enterica for adaptation to different host-types (Langridge et al., 2015), and 

gene acquisition in pathogenic strains of Leptospira for adaptation to animals (Xu et 

al., 2016). Gain and loss of genes is a commom mechanisms for bacteria to rapidly 

acquire novel functional traits and get rid of unneceseary ones, driving their adaption 

to the environmental requirements determined by the niches associated with distinct 

host-types, dependent on specific host diets (Sheppard et al., 2013), host-susceptibility 

to certain virulence factors (Langridge et al., 2015), among others. Prophage 

mobilization plays an important role in the exchange of genes leading to host 

adaptation, for example in Lawsonia intracellularis adaptation to pigs (Vannucci et 

al., 2013) or E. coli adaption to cows (Lupolova et al., 2016). Acquisition of new genes 

can also result from gene duplication, such as in Streptococcus equi adaptation to 

persistent infection within horses, achieved by copy number variation due to 

homologous recombination between insertion sequence (IS) elements (Harris et al., 

2015). In addition, large-scale genomic rearrengments such as choromosmal 

inversions have also driven host-adaptation, for example in Salmonella enterica, with 

different serovars presenting variable rates of genomic inversion depending on their 

specific hosts (Matthews et al., 2010). Finally, rapid phenotypic switching enabling 

infections in novel hosts can be acquired through epigenetic events such as DNA 

methylation (Van der Woude, 2011). Nevertheless, given its clinical relevance and the 
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wide array of host-species it is able to colonize, S. aureus is an excellent model for 

examining host-adaptation. 

 

 Population genomics of S. aureus host-species association 

S. aureus has a clonal population structure defined by lineages that have single or 

multiple host-tropisms (Feil et al., 2003; Shepheard et al., 2013; Weinert et al., 2012). 

The majority of strains associated with animals belong to unique STs different from 

those infecting humans, and rarely cross species boundaries (Shepheard, 2013; 

Fitzgerald, 2012). For example, S. aureus infecting cows, sheep and goats, are 

typically represented by the CC97, CC130, CC133 and ST151 and ST771 (Sung et al., 

2008; Smyth et al., 2009; Fitzgerald, 2012). In contrast, strains infecting poultry 

mainly belong to the ST1, ST5, ST398 and CC385 (Lowder et al., 2009; Smyth et al., 

2009) and rabbits are primarily associated with the ST121 and ST96 (Guerrero et al., 

2015; Vancraeynest et al., 2006). Several investigations have shown that certain host-

species may present host-specific barriers to colonization by other host-restricted S. 

aureus strains (Lowder et al., 2009; Viana et al., 2015).  

 

Conversely, some STs and CCs contain strains that have a broader host range and are 

able to colonize humans and other animals. Some of these include cases of zoonotic 

transmission from livestock to humans and from humans to livestock, which have been 

increasingly documented during the last decade (Price et al., 2012; McCarthy et al., 

2011; Shepheard et al., 2013). For example, the livestock-associated methicillin-

resistant CC398, a lineage prevalently associated with pigs (Hasman et al., 2010), was 

recognized among swine farmers in the early 2000s (Voss A, 2005) and a few years 
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later also in their close contacts (Price et al., 2012; van Cleef et al., 2011). Nevertheless 

epidemiological data indicated that these strains had low onward transfer and virulence 

rates (Price et al., 2012). Similarly, Sakwinska and colleagues reported the emergence 

of bovine mastitis caused by strains belonging to a CC8 lineage that had been 

traditionally associated with humans (Sakwinska et al., 2011). The majority of cases 

where a S. aureus strain is found to infect a different host-species probably represent 

single episodes of zoonotic transmission, transient spillover events that disappear 

without establishing additional transmissions within the new host-species (McCarthy 

et al., 2011; Shepheard et al., 2013).  

 

However, in some cases S. aureus infecting a new host-species ends up establishing 

within the new host population, and several of these host-switches have been reported 

recently (Resch et al., 2013; Spoor et al., 2013). For example, Lowder and colleagues 

showed most of the ST5 S. aureus isolates from chickens have their origin in a single 

human-to-poultry host-jump that took place 40 years ago (Lowder et al., 2009). More 

recently, Spoor et al. (2013) demonstrated that two human community acquired-

MRSA CC97 clones originated from independent host-jumps from cattle; and the 

CC130 MRSA lineage associated with cows has also spread into humans recently 

(Harrison et al., 2013). In addition, Weinert and colleagues reconstructed the 

frequency and timing of host-switches over a long-time period, demonstrating that 

multiple host-jumps back and forth between human and bovids (including cows, sheep 

and goats) have occurred, the first one about 5500 years ago (Weinert et al., 2012).  
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 Genetic basis of host-specificity 

Population and comparative genomic investigations have provided increasing 

resolution for understanding the genetic basis of S. aureus host-specificity (Fitzgerald 

and Holden, 2016). Following a host-switch event, S. aureus may undergo a series of 

genomic changes that increase its fitness in the new niche, leading to successful 

adaptation to the new host-species (Engering et al., 2013). Genetic mechanisms 

contributing to host-adaptation include lateral transfer of genes, genetic 

diversification, gene decay and core gene mutations (Figure 1.3) (Lowder et al., 2009; 

Viana et al., 2010; Uhlemann et al., 2012; Spoor et al., 2013; Viana et al., 2015). 

 

Lowder et al. (2009) demonstrated that the adaptive evolution of human S. aureus 

strains to poultry took place by acquisition of novel mobile genetic elements (MGE) 

from an avian niche-specific accessory gene pool, and by loss of function of proteins 

involved in human disease pathogenesis (Lowder et al., 2009). In addition, recent 

investigations have demonstrated the role of recombination in the adaptation of S. 

aureus isolates within the CC5 clonal complex to poultry (Murray et al., 2017).  

 

Likewise, adaptation to ruminants is largely mediated via MGE (Guinane et al., 2010; 

Herron-Olson et al., 2007). For example, the CC133 clone, responsible for the majority 

of small ruminant infections, originated from a human-to-animal host jump by gene 

loss and diversification of genes encoding proteins responsible for host-pathogen 

interactions (Guinane et al. 2010). Similarly, Resch et al. (2013) found evidence that 

the bovine S. aureus CC8 evolved from a human progenitor by loss of a β-haemolysin 

converting prophage and acquisition of a new SCC element (Resch et al., 2013). More  



 

 34 

 

 
 

Figure 1.3 Genetic basis of S. aureus host-specificity. Adaptation to a new host-

species is mediated by various genetic mechanisms, including lateral transfer of genes, 

genetic diversification, gene decay and core gene mutations. 
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recently, Spoor et al. showed that emergent human MRSA originated from bovine 

strains by acquisition of MGE encoding antibiotic resistance and human immune 

evasion genes (Spoor et al., 2013), highlighting the importance of HGT in host-

adaptation. 

 

In addition, ruminant-associated strains have also been linked with carriage of 

antimicrobial resistant genes, highlighting the selective pressures introduced by 

antimicrobial use in farming (Fessler et al., 2011). This is particularly relevant in the 

pig industry, in which antibiotics have been extensively used (Barton, 2014). Pig-

associated strains of the ST398 have been described carrying novel antimicrobial 

resistance determinants on multi-resistance plasmids (Fessler et al., 2011; Kadlec and 

Schwarz, 2009). Similarly, CC97 isolates from pigs have developed resistance to 

several antibiotics, while there is no evidence for the emergence of such resistance in 

isolates infecting dairy cows from the same clonal complex (Spoor et al., 2013).  

 

Despite the importance of MGE in host-adaptation, mutations in the core genome may 

also play a relevant role in adaptation to new niches. For example, Viana et al. (2015) 

described that S. aureus adaptation to rabbits was dependent upon a single 

nonsynonymous nucleotide mutation in the dltB gene. Following a human-to-rabbit 

host-jump, only this single mutation was sufficient to convert a human-specific S. 

aureus strain into one that could infect rabbits (Viana et al., 2015).  

 

Bacterial genes involved in host adaptation are under distinct selective pressures in 

different animals (Petersen, 2007). Positive diversifying selection, unlike HGT, may 
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be associated with a slow evolutionary process and its identification at the molecular 

level is carried out by estimating the ratio between nonsynonymous changes and 

synonymous substitutions (Goldman and Yang, 1994; Lefebure et al., 2007; Soyer et 

al., 2009; Xu et al., 2011). In S. aureus, positive selection has been investigated in the 

context of adaptation to small ruminants (Guinane et al., 2010) and to different host-

species in general (Lowder et al., 2009). These studies revealed that around 5% of the 

S. aureus genome is under positive selection and no functional categories exhibited 

higher levels of positive selection than others (Lowder et al., 2009).  

 

Identifying the variety of molecular mechanisms underlying host-adaptation is 

essential to infer the potential for lineages to cross the species-barrier and infect new 

host-species (Fitzgerald and Holden, 2016). In addition, bacterial determinants 

required for host-specificity may represent novel therapeutic targets for controlling 

human and animal infections (Fitzgerald, 2012).  

 

1.4. Genomic epidemiology  

The application of population genomics to epidemiological investigations has given 

rise to the field of genomic epidemiology. Traditionally, public health microbiology 

used molecular diagnostic methods for the identification of infectious pathogens, for 

understanding their distribution and for monitoring their emergence in human 

populations (Foxman and Riley, 2001; Fawley and Wilcox, 2005; Mothershed and 

Whitney, 2006; Versalovic and Lupski, 2002). However, these methods were limited 

in their capacity to discriminate localized outbreaks from cases of endemic disease, or 

to reconstruct the global or national spread of individual clones (Pérez-Losada et al., 
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2013). In addition, although MLST has been successfully used to differentiate closely 

related species (Hanage et al., 2005; Sheppard et al., 2008), it does not provide enough 

discriminatory power for most epidemic investigations (Odds and Jacobsen, 2008).  

 

With the advent of high-throughput sequencing technologies, WGS of pathogenic 

bacteria provides the resolution required to discriminate at nucleotide-level, allowing 

for clear differentiation of strains (Li et al., 2014). In addition, WGS of multiple 

isolates also facilitates an understanding of outbreak dynamics in great detail, allowing 

inference of transmission chains (Harris et al., 2013; Köser et al., 2012) and tracking 

of infection sources (Snitkin et al., 2012). Such analyses may reveal unsuspected 

transmission events (Price et al., 2014) or reveal reasons for failure of infection control 

strategies (Howden et al., 2013). Moreover, the integration of epidemiological 

methods allows us to generate predictions that could not be made otherwise. To define 

the extent of an outbreak, monitor the effectiveness of control measures and support 

surveillance (Didelot et al., 2012). 

 

 Pathogen diagnosis and outbreaks detection 

Rapid identification of bacterial samples is crucial for the correct management of an 

infectious disease and deciding on the therapies to treat the pathogen (Figure 1.4a) 

(Didelot et al., 2012; Hasman et al., 2014). Traditional and current clinical diagnosis 

methods are mostly based on culturing of isolates and subsequent phenotypic and 

biochemical characterization, a process that may take up to several days (Mercante and 

Winchell, 2015). With the incorporation of culture-free methods, such as PCR of the 

16S rRNA gene (Reller et al., 2007), and more recently matrix-assisted laser 
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desorption/ionization time-of-flight (MALDI-TOF) (Croxatto et al., 2012), rapid 

clinical diagnosis can be performed directly on samples. However, these methods do 

not provide additional information beyond species characterization and require curated 

reference databases (Singhal et al., 2015). 

 

WGS allows us to characterize pathogens based on their sequence and phylogenetic 

approaches resolve the relationship of the species at levels not possible with lower 

resolution methods (Aarestrup et al., 2012; Didelot et al., 2012; Köser et al., 2012). In 

addition, antimicrobial resistance determinants and virulence factors can also be 

predicted from genome sequences (Tang and Gardy, 2014), which is particularly 

important to guiding medical specialists on the antibiotics used for treatment of 

pathogens in health-care facilities (Reuter et al., 2013). Nevertheless, routine 

application of WGS for species identification still needs further development to 

become time-efficient, cost-effective and with minor technical requirements. 

Additionally, despite the high precision achieved for species differentiation, deep 

sampling and sequencing of multiple isolates will also reveal the ambiguity of highly 

recombinogenic species, which may, in turn, challenge the species definition (Hanage 

et al., 2005). 

 

Determining whether a cluster of infections corresponds to an outbreak is crucial for 

the application of infection control practices to prevent future cases (Grad and Lipsitch, 

2014; Robinson et al., 2013). An outbreak usually refers to a sudden high incidence of 

the number of cases above normal levels, to the emergence of a previously 

unrecognized pathogen, or to the entry of a new pathogen into community. 
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Epidemiological genomics has been successfully applied to determine the existence 

and nature of several outbreaks associated with hospital settings (Snitkin et al., 2012; 

Harris et al., 2013; Reuter et al., 2013).  

 

Additionally, to define the extent of the infections, it is essential to determine the 

population structure among the isolates. Although most outbreaks are caused by the 

transmission of a clonal lineage of a pathogen, in some cases, the co-existence of 

several strains can lead to mixed outbreaks (Layton et al., 1997). For example, a series 

of patients infected with Neisseria meningitidis in a hospital were epidemiologically 

unlinked, indicating diverse infections rather than clonality expected from an outbreak 

(Reuter et al., 2013). Similarly, WGS was used to delineate Mycobacterium 

tuberculosis outbreaks, allowing identification of linked patients as well as 

epidemiologically unlinked patients (Walker et al., 2013). 

 

Thus, genomic data integrated in outbreak detections provides much clearer resolution, 

permitting better decision-making interventions. Additionally, when epidemiological  

data are missing, the high-resolution achieved by genomic data helps to generate 

hypothesis regarding the source of the infections. 

 

 Inferring the source and transmission chains of pathogens 

Identifying the source of an outbreak and determining the pathogen transmission 

routes is crucial to stop the disease from spreading (Figure 1.4b) (Gardy et al., 2011; 

Harris et al., 2013; Reingold, 1998).  
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Figure 1.4. Genomic epidemiology of bacterial pathogens. a) Rapid pathogen 

diagnosis of bacterial samples is crucial for the correct management of an infectious 

disease and deciding on the therapies to treat the pathogen. b) Outbreak investigations: 

Identifying the source and the transmission routes of the pathogen is necessary to stop 

the disease from spreading. c) Global epidemiology permits the study of the worldwide 

spread of successful bacterial pathogens and their global diversity. 
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Over the last few years, numerous investigations have used genomic epidemiology for 

tracing nosocomial and community-associated outbreaks, aiming to identify their 

sources and inferring the transmission chains of pathogens (Croucher and Didelot, 

2015; Reuter et al., 2013). For example, using WGS, health care-associated outbreaks 

of S. aureus (Miller et al., 2014; Nübel et al., 2013), Klebsiella pneumoniae (Snitkin 

et al., 2012), Enterobacter cloacae (Stoesser et al., 2014) and Clostridium difficile (Jia 

et al., 2016) have been linked to different reservoirs within the hospitals where they 

were reported. Genomics has been also applied for resolving community-associated 

epidemics, such as the L. pneumophila outbreaks in Scotland and Canada (McAdam 

et al., 2014; Knox et al., 2017), but in these cases, although the relationships between 

the isolates suggested a common source for the infections, the absence of a confirmed 

environmental source impeded the identification of reservoirs of the pathogens (Knox 

et al., 2016). Additionally, outbreaks within health-care associated settings may have 

an external source, such as the Salmonella enteritidis outbreak in a UK hospital 

associated to community (Quick et al., 2015). Finding this link was only possible by 

integrating the outbreak sequences with whole-genome data from surveillance 

sequencing (Quick et al., 2015), highlighting the importance of routine WGS. 

Considering the long-term value of sequence data, researchers from the UK and 

Ireland recently created a genomic framework for prospective MRSA surveillance in 

these countries (Reuter et al., 2016).  

 

Identifying when and where an outbreak was originated depends on how representative 

the sampled data are (Grad and Lipsitch, 2014). If public health authorities were able 

to sample every individual infected, finding the source of an outbreak may be relatively 
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easy, but the number of reported cases are usually limited or biased. This can be due 

to pathogens causing asymptomatic infections or presenting environmental vectors and 

reservoirs, or to the existence of gaps in the sampling process, which lead to 

underestimation of the number of infection imports into the population (Jombart et al., 

2014; Ypma et al., 2013) and complicate the reconstruction of the transmission chains 

(Eyre et al., 2013). Nevertheless, using phylogenetic and phylodynamic approaches 

that can analyse the geographical and temporal information associated with the 

isolates, one can estimate the most recent common ancestor (MRCA) of the pathogens 

sampled and infer an approximate date and location of the source of the outbreak 

investigated (Stoesser et al., 2015). In addition, phylodynamic methods permit 

reconstruction of the transmission chains and also estimation of the epidemiological 

parameters useful for understanding disease dynamics (Rasmussen et al., 2014; Volz 

et al., 2009).  

 

In addition, WGS has been typically applied to a single isolate per host, but such low 

level of sampling may not provide enough resolution to infer direct transmissions 

(Eyre et al., 2013). Sequencing of multiple colonies isolated from individuals can 

reveal the breath of the cloud of bacterial diversity within hosts (Harris et al., 2013; 

Paterson et al., 2015), which is important for accurately inferring the rates and routes 

of transmission (Figure 1.5) (Worby et al., 2014). For example, WGS of deeply 

sampled C. difficile infections in a hospital revealed not only direct transmissions 

between patients but also cryptic transmissions via carriers (Eyre et al., 2013). 

Similarly, deep sampling of M. tuberculosis isolates from several patients permitted 

differentiation of individuals who had been recently infected, indicating that this 
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technique could identify super-spreaders and predict the existence of undiagnosed 

cases (Walker et al., 2013).  

 

Finally, most genomic epidemiological investigations are performed retrospectively 

(Joensen et al., 2014), but WGS can be used to track ongoing outbreaks and reveal 

insights regarding the source and transmission dynamics of pathogens in real-time 

(Quick et al., 2015). With new rapid sequencing technologies such as the Oxford 

Nanopore MinION, same-day diagnostic, surveillance and outbreak detection are now 

feasible (Joensen et al., 2014; Votintseva et al., 2017). 

 

 Global epidemiology 

Population genomics can be applied to trace the worldwide spread of successful 

bacterial pathogens and study their global diversity (Figure 1.4c) (Croucher and 

Didelot, 2015). Using similar strategies to global surveillance programs for monitoring 

the antimicrobial resistance around the world (O’Brien, 1995), sharing WGS data on 

a global scale can facilitate infectious disease detection and surveillance (Deng et al., 

2016), ultimately improving global public health (Hendriksen et al., 2011).  

 

It is important to understand how bacterial strains causing infections in a specific 

geographic location are related to those recovered worldwide (Spratt and Maiden, 

1999). For example, comparing the Vibrio cholerae genomes responsible for the 2010 

Haitian cholera outbreak to global collections of V. cholerae isolated over several 

years, it was clear that the outbreak genomes were a monophyletic group related to a 

strain from South Asia (Hendriksen et al., 2011). These data led to the conclusion that 

the outbreak was caused by isolates imported by Nepalese peacekeeping troops (Rene 
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S. Hendriksen et al., 2011; Katz et al., 2013). Similarly, WGS has been decisive for 

confirming the source of multi-country food-borne outbreaks, such as the Salmonella 

Newport gastroenteritis in Europe associated with watermelons from Brazil (Byrne et 

al., 2014) or the Salmonella Enteritidis European outbreak associated with egg 

distribution networks (Dallman et al., 2016). Conversely, WGS on global epidemics 

was decisive to rule out transmissions of antibiotic resistant S. enterica Typhimurium 

between animals and humans (Mather et al., 2012), indicating that the source of 

infections was probably imported food, environmental reservoirs, or result of 

transmission between persons (Mather et al., 2013). 

 

In addition, WGS studies at a global scale can provide information on long-term 

microbial evolution, including gene content variation and impact of selection pressures 

on the genomes (Croucher et al., 2013). Finally, integrating genomes isolated from 

different hosts with other temporal and geographic information is essential to track the 

pandemic spread of particular strains, yielding a long-term overview of 

epidemiological patterns. 

 

1.5. Population genomics of within-host evolution  

Advances in WGS technologies have facilitated studies on the evolution of bacterial 

populations derived from the same individual over the course of a single infection, 

revealing previously unexpected levels of within-host genomic diversity (Bryant et al., 

2013; Lieberman et al., 2011; Smith et al., 2006). The spatial heterogeneity provided 

by the complex niches within a host may drive the diversification of the pathogen 

population, highlighting the importance of sequencing multiple isolates, as the genome 
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of a single isolate often does not represent the entire pathogen population in the 

infected individual (Figure 1.5) (Markussen et al., 2014). 

 

 Adaptation to the host-environment 

Within-host diversity is largely shaped by genetic drift, which depends on the size of 

the bottlenecks during transmissions, the creation of bacterial subpopulations in 

different body locations and the fluctuations in the pathogens population size (Didelot 

et al., 2016; Golubchik et al., 2013). In addition, intra-host diversity is affected by 

purifying and diversifying selection (Didelot et al., 2016; Worby et al., 2014). During 

long-term colonisation and persistence within the host, bacterial populations face 

numerous challenges, as they need to evade the host immune system, compete with 

the native microbiota and establish a successful niche for acquisition of nutrients 

(Didelot et al., 2016).  

 

Within-host adaptive evolution is in part mediated by mutations in global regulatory 

networks (Damkiaer et al., 2013; Howden et al., 2011; Lieberman et al., 2011; Marvig 

et al., 2015). For example, monitoring of long-term evolution of P. aeruginosa in the 

airways of several patients with cystic fibrosis patients revealed mutations in the global 

regulatory genes mucA, rpoN and lasR (Yang et al., 2011). These mutations resulted 

in the remodelling of regulatory networks facilitating the generation of new 

phenotypes (Damkiaer et al., 2013). Similarly, in a different longitudinal study of P. 

aeruginosa in various patients with cystic fibrosis over a 38 year period, several 

mutations were also found in genes related to the remodelling of regulatory functions 

(Marvig et al., 2015). By changing the expression of several genes, dramatic 
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phenotypic changes can be produced, allowing pathogens to quickly optimize their 

fitness to the fluctuating conditions of the within-host environment (Damkiaer et al., 

2013). 

 

Global transcriptional remodelling has been linked to increased bacterial virulence 

(pathoadaptive mutations) (Lieberman et al., 2011; Young et al., 2012). In an 

individual carrying S. aureus in the nose who developed a severe bloodstream 

infection, WGS of isolates revealed that the progression from carriage to disease was 

associated with mutations that caused truncation of a transcriptional regulator 

implicated in pathogenicity (Young et al., 2012).  

 

Attenuation of virulence represents a common evolutionary strategy for within-host 

adaptation (Price et al., 2013; Smith et al., 2006; Zdziarski et al., 2010). WGS 

comparison of Burkholderia pseudomallei isolates obtained twelve years apart from 

the same patient showed the pathogen underwent several adaptive changes, including 

the inactivation of virulence factors (Price et al., 2013). In the case of a chronic 

Salmonella Enteritidis infection in an immunocompromised patient, evolution resulted 

in genome degradation targeting genes encoding virulence determinants (Klemm et 

al., 2016). A potential reason for virulence attenuation in strains co-evolving within 

their hosts is that reduced severity may permit the transmission of pathogens, leading 

to their long-term survival (Didelot et al., 2016). 
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Figure 1.5. Dynamics of within-host adaptive evolution. Host A, colonised by a 

diverse population of a pathogen, transmits two different bacterial sub-lineages to 

hosts B and C. In host B, an adaptive mutation quickly becomes fixed in the 

population. In host C, the transmission leads to a bloodstream infection. Sequencing 

only a single genome per host would have not revealed the cloud of diversity in each 

host nor the actual transmission chain of the pathogen. Figure adapted from Didelot 

et al., 2016. 
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Distinct environments within the host may drive the diversification of the pathogen 

population. For example, P. aeruginosa infecting a patient with cystic fibrosis over 32 

years, diverged into distinct coexisting sublineages spatially separated within the lung 

(Markussen et al., 2014). Bacterial diversification also occurs when the same strain 

colonizes different persons, suggesting individual host environments drive distinct 

adaptive evolution (Zdziarski et al., 2010). Nevertheless, convergent evolution has 

been reported in same studies and can be used to identify pathoadaptive mutations 

(Lieberman et al., 2011; Marvig et al., 2014). Several of the mutations found by 

Marvig and colleagues in their longitudinal study of P. aeruginosa were in the same 

genes associated with the cell envelope and regulatory functions (Marvig et al., 2015). 

Similarly, Burkholderia dolosa isolates from several subjects with cystic fibrosis 

revealed parallel evolution affecting genes encoding antibiotic resistance and bacterial 

membrane proteins (Lieberman et al., 2011).  

 

In addition, within-host adaptation may be mediated by hypermutators (Feliziani et al., 

2014; Markussen et al., 2014; Marvig et al., 2013). Genomic analysis of Salmonella 

Enteritidis isolates from a 16 year chronic infection in an immunocompromised patient 

revealed a mutation in the mismatch repair gene mutS, which accelerated the mutation 

rate of the pathogen (Klemm et al., 2016). Similarly, Lieberman et al. (2014) and 

Marvig et al. (2015) found samples with hypermutator genotypes, suggesting that 

these strains drive diversification that enables them to explore alternative evolutionary 

pathways to the host environment (Lieberman et al., 2011; Marvig et al., 2015). 
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The antimicrobial therapies used to treat infections mean that in many cases genetic 

evolution has been related to the development of antibiotic resistance (Didelot et al., 

2013; Eldholm et al., 2014; Mathers et al., 2015). Within a single patient, and over a 

period of 3.5 years, multidrug-resistant M. tuberculosis isolates evolved from a 

susceptible ancestor by individual mutations and a gradual increase in fitness in the 

presence of antibiotics (Eldholm et al., 2014). Some SNPs conferring resistance 

appeared shortly after a new drug therapy was initiated, reflecting the rapid expansion 

and displacement of some clones over others during infection (Eldholm et al., 2014). 

This is particularly relevant when pathogens acquire resistance to the last available 

antibiotic to treat their infections, as the S. aureus strains acquiring resistance to 

vancomycin (Howden et al., 2011). Howden and colleagues compared susceptible and 

resistance strains before and after antibiotic treatment failure, revealing a common 

pattern of mutations among the resistant isolates (Howden et al., 2011). Single 

nucleotide substitutions within the walKR two-component regulatory locus were 

acquired in less than 6 w, and not only caused resistance to the antibiotic but also 

attenuated virulence (Howden et al., 2011).  

 

The application of WGS on multiple isolates from individual hosts over different 

timescales demonstrates the potential of population genomics for studying the 

microbial evolution within-hosts. This has enabled a better understanding of the effects 

of various selective forces in the adaptation of pathogens to colonisation and 

persistence, including those imposed by the host environment and others with external 

origin, such as antibiotics. 
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 Within-host experimental evolution 

In experimental evolution studies, populations of organisms are grown in defined 

environments in order to study the evolutionary processes occurring over hundreds or 

thousands of generations (Elena and Lenski, 2003; Kawecki et al., 2012). Experiments 

to reproduce evolution in laboratory conditions were initiated nearly three decades ago 

(Hindré et al., 2012; Kawecki et al., 2012) and have revealed many insights into the 

dynamics and genetic basis of bacterial adaptation (Elena and Lenski, 2003). With the 

advent of high-throughput sequencing, experimental evolution coupled with WGS 

facilitated the identification of the genetic changes of adapted populations to a novel 

environment (Barrick et al., 2009; Charusanti et al., 2010; Toprak et al., 2012), and 

the “evolve and resequence” approach has also enabled monitoring of molecular 

evolution in real-time (Long et al., 2015). To date, the great majority of experimental 

evolution studies have been performed in laboratory conditions (Hoang et al., 2016; 

Azevedo et al., 2016; Ensminger, 2013).  

 

Within-host experimental evolution represents an excellent framework for better 

understanding the evolutionary dynamics underlying the adaptation of pathogens to 

their hosts, allowing testing of hypothesis and predictions, while monitoring for 

experimental factors that are difficult to control using natural populations (Giraud et 

al., 2017). This approach has been used to investigate the adaptation of E. coli to the 

gut in mice (Barroso-Batista et al., 2014; Lescat et al., 2017), revealing strong patterns 

of convergence in the mutations and genes affected (Lescat et al., 2017), and high 

levels of clonal interference, with different adaptive mutations not reaching fixation 

(Barroso-Batista et al., 2014). Using similar approaches, the adaptation of the plant 
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pathogens Pseudomonas syringae and Ralstonia solanacearum to their native hosts 

and to alternative plants has been investigated (Guidot et al., 2014; Meaden and 

Koskella, 2017). With the increased ability to link phenotypic adaptations to specific 

genomic signatures, experimental evolution to study the adaptation of bacterial 

pathogens to their hosts and to investigate the development of pathogenesis offers 

enormous potential to understand bacterial infections and disease progression 

(Ensminger, 2013). 

 

1.6. Novel bioinformatics methods in population genomics 

The continuous development of next-generation sequencing technologies is associated 

with reducing costs of WGS, which is leading to increasing amounts of bacterial 

genomes being sequenced. Subsequently, new bioinformatics tools able to handle very 

large amounts of genomic data are required for population genomic studies. 

 

 Large-scale population genomic analysis 

Analysing vast numbers of genomes requires algorithms that can infer evolutionary, 

epidemiological, phylogeographic and phylodynamic patterns in an efficient and rapid 

manner. In addition, methods that integrate information from multiple sources could 

provide more precise insights in infectious diseases (Baele et al., 2017). Novel 

phylodynamic approaches include the reconstruction of transmission chains and the 

origin of outbreaks (De Maio et al., 2015) or understanding the association of 

phenotypic traits correlated through evolution (Cybis et al., 2015). In addition, new 

tools for detecting recombination can handle hundreds of genomes in a matter of hours 

(Didelot and Wilson, 2015; Mostowy et al., 2017). Additionally, pangenomic pipelines 
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can analyse datasets with thousands of samples using standard computers (Page et al., 

2015). Other pipelines have been developed to integrate bioinformatics tools with 

epidemiological information to generate complete public health microbiology reports, 

facilitating laboratories outbreak investigations. Furthermore, other recently 

developed methods include visualization platforms that deliver dynamic data 

exploration (Argimón et al., 2016) or interactive applications allowing fast exploration 

of datasets and outputs from multiple large-scale population genomic analyses 

(Hadfield et al., 2017). In summary, tools aiding the large-scale analysis, visualization 

and interpretation of complex data, and integration of multiple results are 

revolutionizing population genomics. 

 

 Genome-wide association studies 

The ability to link bacterial genetic variants with specific phenotypes can provide new 

insights into the underlying basis of microbial traits, which could explain many 

biological mechanisms of infectious diseases (Collins and Didelot, 2017). Genome-

wide association studies (GWAS) have been extensively applied in human genomics, 

linking hundreds of genetic variants with complex traits and diseases (Stranger et al., 

2011; Visscher et al., 2012). Although the application of GWAS on microbial genomes 

was proposed more than 10 years ago (Falush and Bowden, 2006), the first studies on 

bacteria only appeared recently (Sheppard et al., 2013; Farhat et al., 2013). In the last 

four years, several bacterial GWAS investigations have been published, finding 

associations between genetic features (SNPs, k-mers and genes) with clinically 

relevant phenotypes, including antibiotic resistance (Farhat et al., 2013; Alam et al., 

2014; Chewapreecha et al., 2014; Wozniak et al., 2014), virulence (Laabei et al., 
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2014), pathogenicity (Howell et al., 2014), and host-associations (Sheppard et al., 

2013; Weinert et al., 2015). While some of these studies have successfully used 

statistical approaches developed for human genomics (Alam et al., 2014; Chen and 

Shapiro, 2015), new tools specifically designed for microbial GWAS that account for 

specific challenges of bacterial populations, including high levels of clonality or 

recombination, have been released recently (Lees et al., 2016; Brynildsrud et al., 2016; 

Collins and Didelot, 2017). GWAS in bacterial pathogens is a promising field expected 

to grow in the incoming years (Power et al., 2017) and has the potential to improve 

enormously the way we understand infectious diseases (Collins and Didelot, 2017). 

 

 Simulations of evolution of bacterial genomes 

Simulation of genetic sequences have been widely used to infer population parameters 

(Keightley, 1998), for hypothesis testing (Hoban et al., 2012) and for studying the 

evolution of diseases in humans (Sellers et al., 1998; Peng et al., 2007). In bacterial 

studies, simulations have also been used for method testing (Falush et al., 2006; Hedge 

and Wilson, 2014). A range of tools to simulate the evolution of sequences exist, and 

these can be classified into coalescent-based methods, which simulate populations 

backward in time (Delport, 2006; Excoffier and Foll, 2011; Ewing and Hermisson, 

2010); and forward-time methods, which simulate entire populations from past to 

present (Balloux, 2001; Carvajal-Rodriguez, 2008). Although the former methods are 

more computationally efficient, they do not keep track of ancestral information and 

present difficulties for incorporating complex evolutionary models, which limits their 

use in population genomic studies. Nevertheless, some methods can simulate complex 

multispecies coalescent histories, including events such as recombination, population 
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subdivision and migration, but no selection (Arenas and Posada, 2014). In addition, 

there has been a lack of general and efficient tools specifically designed for simulating 

genome-wide bacterial evolution (Brown et al., 2016), and although a few methods 

have been recently published (Worby and Read, 2015; Brown et al., 2016; De Maio 

and Wilson, 2017), these are based on coalescent algorithms and do not integrate 

selection options. Thus, the development of new simulators that account for multiple 

evolutionary and population events, specifically designed for bacteria, in combination 

with population genomic methods, could improve our understanding of pathogen 

evolution and global epidemics. 

 

1.7. Summary 

With the development of high-throughput sequencing technologies, WGS of multiple 

isolates is facilitating bacterial population genomic investigations at very-large scales, 

which is revolutionizing our understanding of infectious diseases. Recent studies have 

revealed novel insights into the population structure of bacterial pathogens, their 

evolutionary dynamics, causes of the emergence of new clones and the genetic 

determinants of niche adaptation. In addition, the high-resolution delivered by WGS 

is impacting outbreak investigations, allowing the accurate characterization of 

bacterial pathogens and inference of the source and patterns of spread with high 

precision. Finally, longitudinal sampling of individual hosts allows studying the 

within-host evolution of bacteria during the colonization and infection of hosts. These 

approaches along with new bioinformatics methods will result in new strategies to 

design control measures for prevention, diagnosis and treatment of the infections 

caused by pathogens. 
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1.8. Aims of this study 

The general purpose of this work is to use population genomics and genomic 

epidemiology approaches to investigate the molecular mechanisms and the 

evolutionary dynamics of bacterial adaptation to different ecological niches, 

specifically humans and animals. The individual aims are:  

- To investigate the evolutionary history of the S. aureus species in the context 

of its host-associations and identify signatures of host-adaptation. 

- To investigate the host-adaptive evolution of S. aureus during experimental 

infections in the face of regular transmission events. 

- To examine the aetiology of a cluster of Legionella longbeachae infections in 

Scotland in the context of the global species diversity.  
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2 Evolutionary history of a  

multi-host pathogen and  

signatures of host-adaptation. 

  

2 
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2.1. Introduction 

Staphylococcus aureus is able to colonize and cause disease in a wide range of host-

species. Contrary to single host-type pathogens, the capacity of generalists to switch 

host-species can provide opportunities for expansion into new host populations. The 

domestication of animals in the Neolithic period and the more recent intensification of 

livestock farming provided increased opportunities for the spread of bacterial 

pathogens between humans and animals (Morand et al., 2014). Of note, the majority 

of emerging human infectious diseases have been traced to an animal origin 

(Woolhouse and Gowtage-Sequeria, 2005). 

 

S. aureus has a clonal population structure defined by lineages that have single or 

multiple host-tropisms (Feil et al., 2003; Shepheard et al., 2013; Weinert et al., 2012). 

Inter-host-species transmission can be of critical public health importance, as 

exemplified by the emergence of S. aureus livestock-associated strains. For example, 

the livestock-associated methicillin-resistant CC398, which is associated with pigs and 

other livestock, can cause zoonotic infections of pig-farmers and their close contacts 

(Price et al., 2012; Van Cleef et al., 2011). These infections from one host-species to 

another were transient, spillover events that disappeared without leading to additional 

transmissions within the new host-species (McCarthy et al., 2012). However, inter-

species transfers leading to onward transmissions and establishment within the new 

host-population are increasingly been recognised (Resch et al., 2013; Spoor et al., 

2013). Such jumps are of particular interest due to the capacity of S. aureus to acquire 

resistance to antimicrobials and antiseptics, resulting in infections that are refractory 

to treatment and that persist in hospitals and care centres. With the emergence of new 
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clones, several studies have investigated the evolution of animal strains and their 

potential zoonotic capacity (Harrison et al., 2013; Monecke et al., 2016; Weinert et 

al., 2015).  

  

Understanding S. aureus host switching dynamics, including the directionality and 

frequency of host-jumps during its evolutionary history, would allow for the design of 

more efficient protective measures. Previous work employed multi-locus sequence 

typing (MLST) to relate the population structure of S. aureus with its host-association, 

providing evidence for the occurrence of ancient and recent host-jump events from 

humans leading to the emergence of S. aureus clones in livestock populations 

(Shepheard et al., 2013; Weinert et al., 2012). More recently, whole genome 

sequencing has been employed to investigate the evolution of clones of human and 

animal origin, providing new insights into the emergence, transmission and acquisition 

of antibiotic resistance in hospital, community, and agricultural settings (Holden et al., 

2013; McAdam et al., 2012; Price et al., 2012; Spoor et al., 2013). 

 

Studying the genetic basis of S. aureus host-specificity is important to understand the 

molecular basis of pathogenesis and the potential for S. aureus to cross the species 

barrier to infect new host-species. Comparative genomic analyses have revealed a role 

for specific mobile genetic elements and core gene mutations in the host-adaptation of 

S. aureus (Lowder et al., 2009; Viana et al., 2010; Viana et al., 2015). In addition, 

other studies identified an array of genetic signatures linked to host adaptation, 

including allelic diversification and gene decay (Spoor et al., 2013). Bacterial 
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determinants required for host-specificity could represent novel targets for controlling 

human and animal infections. 

 

However, previous investigations have focused on specific clonal complexes, 

particular host-species or involved limited numbers of genomes. A large-scale, 

genome-based analysis of the S. aureus evolutionary landscape in the context of its 

host ecology is lacking, and the scale and molecular processes underpinning S. aureus 

adaptation to different host-species remains poorly understood. 

 

2.2. Aims 

- To reconstruct a high-resolution phylogeny of the clonal diversity of S. aureus 

associated with a wide range of host-species. 

- To investigate the evolutionary dynamics of S. aureus in the context of its host-

associations, including the number of jumps between humans and animals and 

its ancestral host state. 

- To identify genomic signatures responsible for host-association towards 

understanding novel mechanisms of host-adaptation. 

 

2.3. Material and Methods  

 Strains selection1 

For selection of isolates, the literature was reviewed (date: November 2013) and all 

available S. aureus strains associated with animals and humans for which genomes 

had been determined were identified. In order to represent the breadth of clonal  

 1 Strains selection was performed in collaboration with Emily Richardson, Ewan Harrison and Lucy 

Weinert. 
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complexes, host-species diversity, multiple geographical locations and a wide 

temporal scale (1930 to 2014), we sequenced 172 isolates for the current study, and 

included publicly available sequences as follows; 74 reference genomes, 302 from the 

EARRS project (Aanensen et al., 2016) and 252 from other published studies of 

collaborators (Supplementary Table 1). Given a predominant European origin of the 

animal isolates, due to the contemporary interest in animal S. aureus in Europe, we 

chose to enrich the number of human isolates with the EARSS collection (Aanensen 

et al., 2016). Overall, we included 800 isolates representative of 43 different host-

species and 77 clonal complexes (CCs), isolated in 50 different countries across 5 

continents (Supplementary Table 1). 

 

 Mapping reads, variant calling and phylogenetic reconstruction 

Bacterial DNA was extracted and sequenced using Illumina HiSeq2000 with 100-

cycle paired-end runs at the Wellcome Trust Sanger Institute or Illumina HiSeq2000 

at Edinburgh Genomics. The nucleotide sequence data were submitted to the European 

Nucleotide Archive (ENA) (www.ebi.ac.uk/ena) with the accession numbers listed in 

the Supplementary Table 1. Completed genomes downloaded from the NCBI database 

were converted into pseudo-fastq files using Wgsim (https://github.com/lh3/wgsim). 

We excluded isolates that might have been contaminated or had poor quality sequence 

data, including those with large number of contigs, a large number of ‘N’s in the 

assemblies or an unusually large genome size (>2.9 Mb). Sequence types were 

determined from the assemblies using mlst (http://www.mlst.net/) and MLST_check 

(https://github.com/sanger-pathogens/mlst_check), with the MLST database for S. 

http://www.mlst.net/
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aureus (http://pubmlst.org/saureus/). Sequence reads were mapped2 to a relevant 

reference genome (European Nucleotide Archive (ENA) ST425 (strain LGA251, 

accession number FR821779), using SMALT (http://www.sanger.ac.uk/science/tools/ 

smalt-0) following the default settings to identify single nucleotide polymorphisms 

(SNPs). We used GATK (McKenna et al., 2010), samtools (Li et al., 2009) and 

VCFtools (Danecek et al., 2011) to produce a matrix of 137,556 high-quality SNPs. 

Consensus sequences of every genome were obtained from the vcf files using 

vcf_to_consensus_sequence.py and were further concatenated into a multiple genome 

sequence alignment. A maximum likelihood tree for the whole dataset and another tree 

for only the S. aureus species isolates were constructed using RAxML with default 

settings and 1000 bootstrap replicates (Stamatakis, 2006).  

 

 De novo assembly and genome annotation 

Sequencing reads were used to create multiple assemblies using VelvetOptimiser 

v2.2.5 (Zerbino, 2010) and Velvet v1.2 (Zerbino and Birney, 2008) or SPAdes 

(Bankevich et al., 2012). The assemblies were improved by scaffolding the best N50 

and contigs using SSPACE (Boetzer et al., 2011) and sequence gaps filled using 

GapFiller (Nadalin et al., e 2011). Prokka (Seemann, 2014) was used to annotate the 

genomes. 

 

 Estimating ancestral host-state and host jumps 

To estimate the number of host jumps occurred during the evolution of S. aureus we 

first inferred past host association states on the phylogenetic tree using Adaptml v1.0  

 
2 Mapping to the reference genome was performed by Ewan Harrison.  

 

http://pubmlst.org/saureus/
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(Hunt et al., 2008). This software uses an evolutionary Markov model to classify 

isolates into ecologically similar habitats based on their genetic and ecological 

similarity. We used the 783 isolates ML phylogenetic tree and isolates were assigned 

to one of the following host categories: birds, cows, goats, sheep, carnivores, horses, 

humans, rabbits, monkeys, sheep, rodents, pigs, bats or unknown. AdaptML merges 

ecotypes into habitats that represent ecologically meaningful groups of genotypes and 

assigns habitats to the ancestral nodes of the phylogenetic tree, allowing us to infer the 

number of habitat transitions/host jumps that took place during the evolution of S. 

aureus. The robustness of the analysis was assessed by running AdaptML with 

different sets of parameters: initial number of habitats from 10 to 20, converge 

threshold from 0.001 to 1 and collapse threshold from 0.05 to 0.5. AdaptML reached 

high convergence and consistently inferred the same number of habitats from the 

provided phylogeny. 

 

 Genome-wide association analysis 

A range of methods for performing GWAS in bacteria are available (reviewed in 

Power, Parkhill, and de Oliveira, 2016). Although these programs are based on 

different analytical approaches, all of them work by finding statistically significant 

associations between a given genomic feature and a phenotype of interest. We used 

ROADTRIPS (Thornton and McPeek, 2010), a tool that was shown to perform well in 

a previous S. aureus GWAS study (Alam et al., 2014). ROADTRIPS tests for case-

control association and accounts for samples with related individuals and partially or 

completely unknown population structure. As cofounding effects can lead to spurious 

associations and reduce the power of GWAS, population structure was determined 
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with BAPS (Bayesian Analysis of Population Structure) (Corander et al., 2008) and 

the phylogenetic relationships. BAPS clusters at the levels 1 and 2 containing isolates 

from different clades of the phylogenetic tree were split into different subpopulations. 

The core genotype matrix of biallelic SNPs was parsed to ROADTRIPS and four 

independent runs were performed, one for each host state tested (human, bovids, birds 

and pigs), where host-species of interest was defined as cases and the rest of hosts were 

defined as controls. To avoid false positives due to multiple testing, a Bonferroni-

correction was applied and SNPs were considered to be statistically significant if their 

p-value was below the significant threshold α = 0.05/81,680 SNPs = 6.12×10e-7. 

Given the plasticity of bacterial genomes, SNPs-based GWAS can only identify a 

fraction of the genetic determinants responsible for phenotypic variation. To overcome 

this limitation we also performed a GWAS testing using SEER (beta version), a 

method that identifies sequence elements (k-mers) significantly enriched in a 

phenotype of interest (Lees et al., 2016; Weinert et al., 2015). In this analysis3, short 

sequences (k-mers) for the three major groups of hosts (humans, bovids and birds) 

were obtained from their corresponding genomes. Next, k-mers enriched in different 

hosts were identified by running two pairs of comparisons: humans versus ruminants 

and humans versus birds. Similar to the Roadtrips analysis, population structure was 

taken into account from the BAPS clusters using a basic association test with a strict 

p-value threshold of 10e-8. Enriched k-mers were then mapped against the S. aureus 

pangenome using BLASTn in order to identify gene sets associated with each host. 

 

3 The k-mer enrichment step of the SEER analysis was run by Jukka Corander. 
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 Positive selection analysis 

To identify genes under positive selection in different host groups, we first identified 

lineages (STs or CCs) correlated with particular hosts. As the power of the selection 

analysis is determined by the number of isolates included, only clades with more than 

10 isolates associated with a host were considered. Based on these criteria, 15 CCs 

from four groups of hosts were analysed: 9 for humans, 3 for ruminants (CC133, 

primarily associated with sheep and goats and the cows related CC151 and CC97), 2 

for birds and one for pigs (Supplementary Table 2). Although the CC398 clade also 

contained several human isolates, these mostly represent spill-over events rather than 

an established association so the CC398-human group was not included for the 

analysis. Given the variable number of isolates of each CC-host group, in order to 

standardize the analysis while preventing the underestimation of genes under positive 

selection, 10 isolates linked with a host were analysed at a time. Replicates or 

triplicates of different subsets of genomes using sampling with replacement was 

carried out if the number of isolates for that lineage was large enough. Next, we 

identified orthologous genes in each of these groups using the algorithm OrthoMCL 

(Li et al., 2003) integrated in get_homologues (identity >70%, similarity >75%, f50, 

e-value = 1e-5) (Contreras-Moreira and Vinuesa, 2013). Genes were considered 

orthologous if they were present in at least 70% of the genomes. Since alignment of 

coding DNA sequences may insert gaps in codons and produce frame-shifts, we 

aligned genes at the protein level using MUSCLE 3.8.31 (Edgar, 2004) and translated 

these sequences back to DNA using pal2nal v14 (Suyama et al., 2006). Genes 

identified as inparalogous that turned out to be duplications were kept for further 

analyses, otherwise discarded. For every alignment, recombination was detected using 
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the NSS, Max Chi and Phi tests included in PhiPack (Bruen et al., 2006) and 

recombinant genes removed from further analyses. For the gene clusters containing 10 

isolates, phylogenetic trees were extracted from the 783 isolates ML tree. For clusters 

with less than 10 genomes, subtrees were produced from the general tree using the tree 

prune function in ete268. The DNA alignments and trees were used for PAML analysis 

(Yang, 2007). We employed the site evolution models of Codeml (M1a, M2a, M7, M8 

and M8a) to perform codon-by-codon analysis of dN/dS ratios (nonsynonymous to 

synonymous substitution, ω) of genes and a likelihood ratio test (LRT) was used to 

determine significant differences between nested models M1a-M2a, M7-M8, M8a-

M8, where one accounts for positive selection (alternative hypothesis) and the other 

specifies a neutral model (null hypothesis). Statistic tests were assessed to a chi-square 

distribution with 2 and 1 degrees of freedom (Yang, 2007). Bayes Empirical Bayes 

(Yang, Wong, and Nielsen, 2005) was used to calculate the posterior probabilities of 

amino acid sites under positive selection of proteins that had significant LRTs. As 

independent replicates from similar CC/Host groups resulted in slightly different genes 

positively selected, we used get_homologues to merge the core genomes and genes 

selected for each group using same parameters as above. Genes under positive 

selection were considered when they were in common for different replicates with a 

p-value of 0.05 or were identified in different replicates with a stringent p-value 

(0.05/number of genes per core genome). 

 

 Annotation of functional categories and enrichment analysis 

To explore functional categories under positive selection we performed classification 

of Clusters of Orthologous Groups (COGs), annotated Gene Ontology terms (GO) and 
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analysed metabolic pathways (KEGG). To assign COG terms, we performed BLASTp 

of single representatives of the orthologous clusters against the prot2003-2014 

database, retrieving the top 5 hits to include alternative annotations. We mapped the 

gene IDS obtained to the cog2003-2014.csv database from which the COGs were 

inferred. Frequencies of COGs for positively selected genes in each CC-host were 

compared with the average COG frequencies in the respective core genomes. GO 

annotations were obtained by mapping the genes to the go_20151121-seqdb, 

uniprot_sprot and uniprot_trembl databases using BLASTp. From these, the 

UniprotKB were mapped to the gene_association_goa database and filtered by bacteria 

domain to obtain the GO categories. To visualize and identify overrepresented GO 

categories of positively selected genes in different hosts, we used BiNGO (Maere et 

al., 2005), a plugin available in Cytoscape (Shannon et al., 2003). We identified 

overrepresented categories using the hypergeometric test with the Benjamini and 

Hochberg False Discovery Rate (FDR) multiple testing correction at a significance 

level of 5%. We chose the ‘Biological Process’ category and the prokaryotic ontology 

file (gosubset_prok.obo). However, as most groups did not show significant 

overrepresentation, we visualized all the GO categories of genes under positive 

selection and used REVIGO (Supek et al., 2011) with the p-values from BiNGO in 

order to obtain summaries of non-redundant GO terms classified into functional 

categories. We performed metabolic pathway reconstruction and enrichment by 

mapping the protein sequences of genes to the KEGG database (ko.ep.fasta integrated 

in Kobas v2.0) with BLASTp. We used Kobas 2.0 (Xie et al., 2011) to identify 

enriched KO annotations, which were uploaded to the interactive pathways explorer 

iPath2 server (Yamada, Let al., 2011) to visualize the pathway maps. 
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2.4. Results 

 Diverse patterns of host-association explain the evolution of 

clonal lineages of S. aureus  

To construct an accurate phylogeny of S. aureus, we sampled isolates from the breadth 

of known clonal complexes, host-species diversity, multiple geographical locations 

and a wide temporal scale. Overall, we selected 800 isolates representative of 43 

different host-species and 77 clonal complexes (CCs), isolated in 50 different countries 

across 5 continents (Supplementary Table 1). We mapped the genomic reads of all the 

isolates against the reference genome S. aureus LGA251 (accession number 

NC_017349) and built a core genome alignment. A total of 115,149 SNPs were 

detected, which were used to reconstruct a maximum-likelihood phylogeny of the S. 

aureus species complex (Figure 2.1a). 

 

The ML phylogenetic tree shows the existence of highly divergent clades belonging to 

two recently described novel species, Staphylococcus argenteus and Staphylococcus 

schweizeri, which are part of the extended S. aureus-related complex (Steven Y C 

Tong et al., 2015). S. argenteus, an emergent cause of human clinical infections, is 

more closely related to bats isolates than to other human S. aureus STs, consistent with 

a possible non-human evolutionary origin for S. argenteus. S. schweitzeri was isolated 

from monkeys and bats and has only been recovered once from human hosts 

(Schaumburgh et al., 2012; Tong et al., 2015). 
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Figure 2.1. Evolutionary history of S. aureus and host associations. a) Maximum 

likelihood phylogenetic tree of 800 isolates included in the study. S. schweitzeri and 

S. argenteus are the closest species to S. aureus, with monkeys, bats and humans as 

main hosts. b) ML tree of 783 S. aureus isolates with major clonal complexes (CC) 

and respective host-associations displayed.   
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Removal of strains from the divergent clades resulted in 783 isolates with a core 

genome of 86,129 SNPs. The maximum likelihood phylogenetic tree (Figure2.1b) 

revealed a population structure largely consistent with previous work showing two 

major groups in S. aureus (Feil et al., 2003; Everitt et al., 2014). Group one included 

the well characterised CC8, CC239, CC15 and CC5, and group two contained the 

CC45, CC30 and the isolate JKD6159, the most divergent S. aureus strain described 

so far, belonging to the ST93 (Chua et al., 2011). In addition, the phylogeny segregated 

according to the clonal complexes and sequence types defined by MLST typing, 

providing information about their intra-clonal relationships. Nevertheless, as we did 

not remove recombinant fragments from the genomic alignment, the relationships 

between lineages in our tree and previous phylogenetic reconstructions accounting for 

recombination are slightly different (Everitt et al., 2014). 

To investigate the host-species diversity across different clonal lineages, we mapped 

the host-types associated with every isolate on the tree (Figure2.1b). Three main 

patterns of host-association were revealed, of which the most common was individual 

lineages associated with a single host group. These included the major clades of human 

origin with expansion of several epidemic hospital (HA) and community-associated 

(CA) clones, including CC8, CC22, CC30 and CC45 (Aanensen et al., 2016). 

Similarly, other clones contained isolates only found in animals, including the CC151, 

CC385 and CC133, respectively associated with cows, wild birds and small-ruminants 

(sheep and goats). In contrast, clades CC130, CC1 and CC188 presented isolates 

colonising a wide range of hosts, indicating these lineages are generalists. These 

isolates may harbour certain genetic features for infecting a wide number of hosts or 

lack host-specificity factors that narrow their capacity to infect single host-species. A 
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third group of clades were primarily associated with two host-types. For example, CC5 

was mainly linked with humans and poultry, CC97 with humans and cows, and CC398 

with humans and pigs. In the first two cases, host segregation exists within the clades 

and represent two well documented host jumps; CC5 from humans to chickens around 

50 years ago (Lowder et al., 2009), and CC97 from cows to humans 90 years ago 

(Spoor et al., 2013). In contrast, the CC398 presented a mixed host distribution, 

suggesting several host switches during the evolution of this clade occurred, many of 

which represent spillover events from pigs to farmers (Voss et al., 2005). 

 

 Humans represent the major hub for the emergence of epidemic  

S. aureus clones 

We used AdaptML to predict ancestral host associations on the high-resolution ML 

tree and infer the frequency of host switching events that have occurred during the 

evolutionary history of S. aureus. AdaptML performs a habitat learning process of the 

isolates by using their ecotypes, i.e. host-species associations, and the evolutionary 

relationships between them. In order to optimize the analysis, we initiated the program 

with various sets of values in the input parameters and checked convergence in the 

number of habitats predicted by the model. Using a range of initial number of habitats, 

converge thresholds and collapse thresholds as input, AdaptML reached high 

convergence and consistently inferred two or three habitats (Figure 2.2).  
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Figure 2.2. Number of habitats predicted by AdaptML. Optimization of AdaptML 

habitats prediction analysis using different combinations of input parameters. The 

analysis reached the highest convergence with two or three habitats being predicted. 

Different initial number of habitats and converge threshold values hardly had an effect 

on the number of habitats predicted, which were mostly affected by the collapse 

threshold parameter. 
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While the initial number of habitats had little impact on the final number of habitats 

predicted, the collapse threshold initial value segregated the ecological distributions, 

with higher values leading to fewer habitats, and with the default value of 0.1 

predicting three habitats. The habitats inferred represent meaningful clusters of 

genotypes with an evolutionary and ecological significance. We projected the habitats 

onto the host-type dimension in order to reveal the distribution of ecotypes and 

understand the composition of the niches predicted. The distribution of hosts represent 

emission probabilities of genotypes being found in those habitats given their source of 

isolation (Hunt et al., 2008). Assuming the existence of three habitats, each one was 

associated with major host-groups (Figure 2.3): (1) human habitat, with over 92% of 

genotypes isolated from persons; (2) bovid-associated habitat, including 60% of 

isolates from cows, sheep and goats and (3) broad-host habitat, which comprised most 

birds, pigs, horses and isolates from other host-species. In contrast, in the two habitats 

scenario, one group was strongly linked with humans (emission probability of 86%) 

and the second group with animals (probability of 78%), as previously inferred by 

(Shepheard et al., 2013). All the habitats predicted contained genotypes isolated from 

other host-species, which is biologically meaningful given the zoonotic nature of S. 

aureus, as these may represent transient host transmission events. 

 

AdaptML predictions are remarkable considering the algorithm has no previous 

knowledge of which host groups belong to humans or animals, nor which groups of 

animals belong to the same taxonomical category. While the two habitats results are 

comparable to previous observations (Shepheard et al., 2013), our three habitats 
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Figure 2.3. AdaptML with three habitats predicted. The ML tree of 783 isolates 

with a range of human and animal hosts. Nodes colours on branches correspond to 

habitat associations inferred by AdaptML. External bars represent the host-species 

from which genotypes were isolated. The distribution of hosts among habitats show 

one is mostly associated with humans, another one is mostly linked to bovids or 

ruminants (including cows, sheep and goats) and a third broad-host habitat. 
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Figure 2.4. AdaptML with two habitats predicted. The ML tree of 783 isolates, 

nodes colours on branches correspond to habitat associations inferred by AdaptML. 

External bars represent the host-species from which genotypes were isolated. 

Projection of habitats onto host state reveals one habitat associated with humans and 

another one with animals. 
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analysis can be considered more robust because AdaptML was able to identify the 

bovid habitat, containing cows, sheep and goats, all belonging to the same taxonomical 

group. In addition, the distribution in the three habitats scenario represents more 

accurately the current knowledge of S. aureus host-species association and the 

dynamics of historical host-jumps studied (Lowder et al., 2009; Spoor et al., 2013; 

Weinert et al., 2012; Price et al., 2012). 

 

Since AdaptML predicts current and past habitat states and maps them on every node 

of the phylogenetic tree, we counted the transitions between habitats along the 

branches on the tree to estimate the number of host jumps. In this way, we predicted 

overall ancestral jumps rather than recent host-switch events. For the two habitats 

prediction, an animal origin was inferred for S. aureus phylogeny and most ancestral 

nodes were assigned to the ‘animals habitat’. Thus, the estimated number of transitions 

from animals to humans was 23, much higher than the 10 humans to animals jumps. 

Considering the more reliable analysis that predicts three habitats, the ancestral state 

for S. aureus was placed in humans, and during the evolution, 8 ancestral jumps from 

animals to humans would have occurred, compared to the 22 jumps from humans into 

animals. This is consistent with previous studies (Weinert et al., 2012) and suggests 

that humans represent the predominant donor species, with host-jumps identified from 

humans into the other host groups examined. The most common recipient for S. aureus 

jumps from humans was ruminants, which, in turn, represented a major donor for host-

switching events back into humans. Thus, these data indicate that humans represent 

the likely donor species for the emergence of contemporary endemic S. aureus clones 

responsible for diseases in livestock and poultry. 
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 GWAS analysis reveals accessory genes associated with host-

species 

Several previous studies have identified core genome variants and mobile genetic 

elements (MGEs) of S. aureus with host-specific functional activity (Koop et al., 2017; 

Viana et al., 2015). A major aim of this study was to characterize genomic features 

that contribute to host-species adaptation and that may have been acquired by 

independent lineages during parallel evolution. 

 

In order to identify genetic polymorphisms associated with specific host-types, we 

performed GWAS tests on the core genome of all the S. aureus isolates using 

ROADTRIPS (Thornton and McPeek, 2010). We tested SNP associations for the four 

main groups of hosts, including humans, ruminants (cows, sheep and goats), birds 

(poultry and wild birds) and pigs. ROADTRIPS accounts for known and unknown 

population structure and works by comparing groups of genotypes with a particular 

host phenotype (cases) to isolates from other groups (controls). To prevent the 

identification of predictive SNPs related with ancestry rather than host association, we 

defined population structure using a combination of two strategies; BAPS in a 

hierarchical manner (Chewapreecha et al., 2014) and clusters obtained from the 

phylogenetic tree (Alam et al., 2014). BAPS classified the 783 isolates into several 

clusters, and those clusters representing distinct clades of the tree were divided into 

subgroups. As a result, the isolates were stratified in 48 families of 1 to 106 individuals 

each. Next, ROADTRIPS was run for each host-group of interest, with variable 

numbers of cases and controls.  
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Figure 2.5. Genome-wide association analysis. a) Manhattan plots of GWAS for 

humans, ruminants, pigs and birds on the core genome of 81,680 biallelic SNPs. P 

values (-log10) are represented against chromosomal location. GWAS failed to 

identify SNPs associated with particular host-groups. b) K-mers enriched in birds, 

humans and ruminants using the panGWAS approach were mapped against the 

pangenome sequence. Pairwise comparisons are represented: birds versus humans 

(top), humans versus birds (second row), humans versus bovids (third row) and bovids 

versus humans (bottom). Regions with contiguous enriched k-mers represented 

genome fragments associated with host-adaptation, which included pathogenicity 

islands and prophages. 
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After controlling for population structure and correcting for multiple testing, none of 

the 81,680 biallelic SNPs in the original matrix were significantly associated with any 

of the four hosts (Figure 2.5a). Only birds presented SNPs with significant p-values 

but further examination revealed that these were a consequence of population 

structure, which was not possible to correct due to the small number of type 1 alleles 

in controls. These results suggest that convergence in the genomic variants of the core 

genome is not an evolutionary path used by S. aureus for adapting to specific hosts. 

However, the limited number of genomes included in the analysis likely limited the 

power of detection. 

 

In order to investigate host adaptive genomic features in the accessory genomes of 

human and animal isolates, we employed a pangenome-wide association approach to 

search for genes enriched in specific host-species (Lees et al., 2016). We ran SEER to 

identify k-mers enriched in humans versus ruminants and in humans versus birds, 

revealing multiple short sequences associated with each of these host groups. Mapping 

these k-mers against the pangenome revealed multiple hits broadly distributed (Figure 

2.5b) and as the pangenome was constructed maintaining synteny, k-mers grouping 

together represented gene sets. These primarily corresponded with mobile genetic 

elements, including phages and pathogenicity islands; and clusters of proteins related 

to virulence, suggesting a potential role for those genes in the host-species ecology of 

S. aureus (Supplementary Table 3). In the avian-human comparison, the lack of k-

mers enriched in humans and the multiple bird hotspots is in line with our 

understanding that S. aureus jumped from humans to chickens acquiring novel mobile 

genetic elements from an avian specific gene pool (Lowder et al., 2009). Conversely, 
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multiple k-mers were detected for both host-types in the human-ruminant comparison, 

consistent with MGE independently acquired and lost during multiple host jumps 

between these two host-species (Guinane et al., 2010; Spoor et al., 2013; Weinert et 

al., 2012). Several of the MGEs have previously been identified among host-specific 

clones and demonstrated to encode proteins with host-specific activity. For example, 

the β-haemolysin converting phage ϕSa3 encodes modulators of the human innate 

immune response, and pathogenicity islands encoding superantigens or von 

Willebrand factor-binding proteins with ruminant-specific activity were identified 

among cow and sheep strains of S. aureus (Deringer et al., 1997; Fitzgerald, 2012; van 

Wamel et al., 2006).  

 

Taken together, these analyses suggest that S. aureus host-specificity is mediated 

through specific pools of genes in the accessory genome rather than common genetic 

polymorphisms in the core genome.  

 

 Long-term refinement of host adaptation involves diversification 

of distinct biological pathways 

In addition to accessory genes, adaptive mutations in the core genome may be selected 

for in response to environmental changes such as antibiotic exposure or a switch in 

host-species (Howden et al., 2014; Viana et al., 2015). In order to examine the impact 

of host-species on diversification of the S. aureus core genome, we identified groups 

of related isolates (e.g. within CCs or STs) associated with a specific host-species for 

genome-wide analysis of positive selection. 15 groups of isolates were selected 

representing 9 of human origin, 3 from ruminants, 2 from birds and one of pig origin. 
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Positive selection was identified across all host-associated groups examined, with an 

average of 68 genes (33 to 129) representing approximately 2.7% (1.3% to 5.14%) of 

a clade-specific core genome (Table 2.1). Birds and pigs related clades presented the 

lowest numbers of genes positively selected, with 1.62% and 1.72% respectively, 

while this value increased up to 3.91% for ruminants. Although there was variation in 

the proportion of the genome exhibiting positive selection for groups associated with 

the same host-species, within-host variance of positively selected genes was smaller 

than the observed variation between hosts (Figure 2.6).  

 

The variation in the proportion of genes under selection for groups associated with the 

same host-species was not proportional to the number of years elapsed since the 

ancestral host jump that gave rise to those clonal complexes. For example, the CC97 

and CC133 lineages, with inferred dates for the most common ancestor 1,832 and 

3,133 ya respectively, presented 4.74% and 5.22% of genes under positive selection, 

while the CC151, with a much earlier origin (5,429 ya), only contained 2.11% of genes 

under positive selection (Spoor et al., 2013; Weinert et al., 2012). These discrepancies 

are due to the clonal structure of S. aureus and sampling bias, since the branch length 

of the CC151 was much longer than the branches of the CC97 and CC133, but the 

node leading to the isolates used in the analysis was more recent, and therefore fewer 

genes under selection were detected. 
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Table 2.1. Genes under positive selection. Groups selected for the positive selection 

analysis, with core genome sizes and number of genes under selection. 

 

 

 

 

 

 

 

 

 

  

 

Core genome Positive selection Proportion 

CC12_Humans 2444 36 1.47% 

CC15_Humans 2406 64 2.66% 

CC22_Humans 2596 83 3.20% 

CC45_Humans 2488 61 2.45% 

CC59_Humans 2395 42 1.75% 

CC5_Humans 2456 86 3.50% 

ST239_Humans 2571 67 2.61% 

ST30_Humans 2558 85 3.32% 

ST8_Humans 2545 87 3.42% 

CC151_Cows 2554 51 2.00% 

CC97_Cows 2408 111 4.61% 

CC133_Caprids 2512 129 5.14% 

CC385_Wildbirds 2419 47 1.94% 

CC5_Poultry 2532 33 1.30% 

CC398_Pigs 2445 42 1.72% 
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Figure 2.6. Genes under positive selection in different hosts. Within-host-type 

variance of positively selected genes was smaller than the observed variation between 

host-species, but observations were not statistically significant (ANOVA p-value = 

0.0682).  
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A limited number of genes were positively selected across multiple host-species, 

including several encoding membrane proteins, lipoproteins and a protein involved in 

biofilm formation. These genes may have a role in host-species independent immune 

evasion as opposed to host adaptation. Some genes were identified in distinct lineages 

that were associated with the same host-species (mostly human), suggesting strong 

selective pressure leading to convergent evolution. The majority of these genes 

encoded proteins predicted to be located in the bacterial cell envelope or involved in 

pathogenesis. In ruminant strains, positively selected genes encoded proteins involved 

in DNA replication, metabolism and pathogenesis, while in bird strains genes under 

positive selection primarily encoded hypothetical proteins. However, for the most part, 

our analysis detected distinct sets of genes under positive selection in different 

lineages, suggesting that signatures of host-adaptation are dependent on the genetic 

background of the strain, and that host-adaptation can be achieved via multiple 

trajectories through modification of distinct pathways. 

 

We predicted functional categories of genes under positive selection by analysis of 

Clusters of Orthologous Groups (COG) and Gene Ontology (GO). This revealed 

several functional groups that were enriched for positively selected genes 

independently of the host-species (Figure 2.7), including genes linked to the host-

pathogen interface, immune evasion and maintenance of MGEs (Kalia and Bessen, 

2004; Petersen et al., 2007). However, the majority of the functional categories were 

host-species dependent, consistent with distinct mechanisms underpinning adaptation 

to different host-species (Figure 2.8). For example, genes under positive selection in  
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Figure 2.7. Differences in COG functional categories for genes under positive selection in different hosts (selection) compared to all 

the genes for the respective host groups (genome). Bars represent the average proportions of genes in each functional category compared 

to the host group.  
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human associated S. aureus tended to be linked to metabolism and biosynthesis of 

glycerolipids, cellular amino acids and metabolism of nucleotides. Glycerolipid 

biosynthesis genes influence levels of cardiolipin, critical for S. aureus prolonged 

survival under conditions of high salinity, during growth on skin and mucus 

membranes and survival on dry surfaces during indirect transmission (Tsai et al., 2011) 

and glycerophospholipids, previously demonstrated to be involved in resistance to 

antimicrobial peptides (Peschel et al., 2001). Identification of positive selection acting 

on genes involved in amino-acid biosynthesis could be a metabolic adaptation driven 

by the limited availability of key nutrients in distinct anatomical niches in humans. 

 

Genes associated with transport of carbohydrates demonstrate signatures of positive 

selection. In ruminant strains, this is particular true for genes involved in the transport 

of disaccharides and oligosaccharides, and we note that lactose (a dissacharide) is the 

primary carbohydrate available in the cow or sheep udder. In humans, glycosamino-

glycans such as hyaluronic acid are the main source of carbohydrates available on 

human skin, and in this case carbohydrate transport genes impacted by positive 

selection are more commonly associated with monosaccharides. In addition, the 

requirement for acquisition of iron and its sequestration in distinct niches in different 

host-species is reflected by the specific iron-acquisition systems that exhibit footprints 

of diversifying selection. These included biosynthesis of the siderophore aerobactin 

and citrate transporters, which recruit iron by binding to it, and systems involved in 

transport of iron. 
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Figure 2.8. Schematic representation of selected biological pathways under positive selection in different host-species. The main 

anatomical isolation sites on each host group are indicated by filled circles. Functional categories virulence and pathogenesis, resistance to 

antibiotics, transport of ions and cell wall biosynthesis were under positive selection in all 4 host-species groups. In humans (a) and ruminants 

(b) the categories amino acids biosynthesis and transport/metabolism of carbohydrates were positively selected. The categories amino-acid 

transport/metabolism and biosynthesis of osmoprotectants were under positive selection in birds (c) and transposable elements in pigs (d). 
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S. aureus from humans, ruminants and birds also contain genes associated with 

pathogenesis that are under diversifying selection. For ruminant derived isolates these 

included genes responsible for the production of exopolysaccharides which is involved 

in biofilm formation, and strongly linked to bacterial survival and resistance to 

antibiotics during bovine mastitis (Melchior et al., 2006). 

 

In birds, S. aureus is mostly present under the feathers on the skin and in the nasal 

cavities (Devriese et al., 1972; Rosenthal et al., 2009). Notably, some of the biological 

pathways under diversifying selection in avian S. aureus are associated with the 

transport and metabolism of amino acids or products of their degradation such as 

ketones or phenol catechol. This may reflect the fact that feather keratins differ in 

composition and amino-acid usage in comparison to mammalian keratins (Harrap and 

Woods, 1964). Accordingly, there are differences in nutrient availability that may 

require attenuation of amino acid biosynthesis pathways depending on nutrient 

availability at colonisation sites in birds. In addition, Staphylococci are also part of the 

normal microbiota of the mucosal surface of the cloacae in birds (Bowman and 

Jacobson, 1980; Rosenthal et al., 2009). Allantoin, mannitol, catechol and organic 

acids are secreted by birds via the urinary tract (Quebbemann and Rennick, 1968) and 

genes associated with the metabolism of these products all indicated positive selective 

pressure in avian S. aureus strains only. 

 

S. aureus from pigs had fewer genes exhibiting signatures of positive selection, which 

may reflect the fact that only a single group of isolates (ST398) was examined and that 

the host-jump from humans into pigs occurred relatively recently (Figure 2.1). For 
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pigs, the most affected functional category was related to DNA recombination and 

transposition and antibiotic resistance, consistent with the large volumes of antibiotics 

used in the pig farming industry (Visschers et al., 2014). 

 

Finally, we reconstructed the enriched metabolic pathways of genes under positive 

selection in different hosts. Human strains presented the widest range of pathways 

affected by positive selection, mostly involving metabolism of carbohydrates, amino 

acids and energy. Pathways under diversifying selection in ruminants partly 

overlapped with those in human strains, but nucleotide metabolism was specially 

affected in ruminants. Positive selection in bird isolates affected fewer pathways and 

were more sparsely distributed, reflecting in part the lower number of genes under 

positive selection identified (Figure 2.9). 

 

In summary, S. aureus host-adaptive evolution is mediated by selection acting on a 

variety of biological pathways, enhancing survival in specific microenvironments via 

innate immune evasion and nutrient acquisition 

  



 

 89 

 

Figure 2.9. Metabolomes under positive selection in different host-species mapped onto KEGG global metabolic pathways. Nodes in 

the figure represent metabolic compounds and edges are enzymatic reactions. Pathways under positive selection uniquely in specific hosts 

are coloured as indicated in the legend. Humans and ruminants presented some common routes affected by positive selection (purple). 
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2.5. Discussion 

In this study, we investigated the evolutionary history of S. aureus in the context of its 

host-association. Using whole-genome sequences of hundreds of isolates 

representative of the clonal diversity associated with a wide range of host-species, we 

examined the dynamics of S. aureus host-switching with unprecedented resolution. In 

addition, we provided new insights into the genetic basis of S. aureus adaptation to 

different host-species. 

 

Many new pathogens emerge following zoonotic or anthroponotic events, providing 

the opportunity for spread within a new host population. S. aureus is considered a 

generalist bacterial species, capable of colonizing a wide range of hosts. However, our 

phylogenomic analysis revealed that the majority of isolates associated with animals 

clustered into animal sub-lineages, and most of the human epidemic hospital-

associated and community-associated clones were part of human-specific lineages, 

supporting that distinct sub-lineages are associated with particular hosts or host-groups 

(Sung et al., 2008). This stratification of the clonal host-specificity is important for 

public health authorities in order to assess the relevance of future emerging epidemic 

clones. Knowing if a novel host-type emerging clone descends from a host-restricted 

or generalist lineage can provide information on the level of adaptation to the new 

host-species, which is important to design measures to limit the expansion of those 

clones. Our current understanding of S. aureus host-association is limited due to 

sampling bias or temporal changes in the S. aureus population structure in specific 

hosts, as many clades previously associated with specific host-groups have been 
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reported in new species in recent years (Espinosa-Gongora et al., 2014; Spoor et al., 

2013). 

 

Given the above, S. aureus represents an excellent model to explore the dynamics of a 

bacterial pathogen at the human-animal interface. Using a statistical approach based 

on a Markov model, we classified isolates into ecologically similar habitats, which 

allowed us to predict ancestral host-association states. We demonstrated that the 

segregated host-specialism of S. aureus arose via multiple cross-species transmission 

events, leading to the emergence of successful endemic and epidemic clones 

circulating in distinct host-species populations. We identified humans as the major hub 

for the spread of S. aureus to livestock, reflecting the role of humans in domestication 

of animals, and subsequent opportunities for cross-species transmission events. These 

results are consistent with previous research using a similar approach based on MLST 

data (Shepheard et al., 2013). Importantly, we also identified cows as the major 

reservoir for the emergence of S. aureus clones that are epidemic in human 

populations. However, given the differences in the AdaptML results using two and 

three habitats, other approaches such as Bayesian phylogenetics could be more suitable 

for predicting host jumps and ancestral states. In addition, our study is limited by the 

sampling bias towards human isolates from Europe, and deeper sampling of other 

geographical locations and adding isolates from more wild animal species would 

strength future population genomic studies on the transmission dynamics of S. aureus. 

 

To investigate the molecular basis for host-adaptation, we used GWAS approaches on 

the core SNPs and on the accessory genome k-mers, leading to the detection of 
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genomic signatures associated with host-groups. The identification of MGEs 

associated with specific host-species provides compelling evidence for the key role of 

horizontal gene acquisition in the adaptation of S. aureus to their hosts. While several 

MGEs have previously been identified to be associated with host-specific clones 

(Guinane et al., 2010; Lowder et al., 2009; Spoor et al., 2013), our pangenome-wide 

analysis reveals new combinations of putative host-adaptive genes providing new 

avenues for investigating mechanisms of bacterial host-adaptation. Nevertheless, we 

did not search for potential genomic differences between isolates from host-restricted 

and generalist lineages, and such investigations could provide traits associated with 

the capacity for a multi-host ecology. 

 

Although a single natural nucleotide mutation was previously identified to be 

responsible for a human to rabbit host-jump (Viana et al., 2015), we were not able to 

identify any SNP underlying association with humans, ruminants, pigs and birds at the 

entire S. aureus species level, indicating that generally such small changes in the 

genome do not mediate host-tropism. Unlike antibiotic resistance and bacterial 

toxicity, which are traits encoded in single genes or consequence of mutations in a 

small number of genes (Alam et al., 2014; Laabei et al., 2014), host-species association 

is likely a more complex trait involving larger scale genomic changes such as gene 

decay, gene duplication and MGE exchange. Importantly, genotype-phenotype 

association studies often require very large datasets to be powered to identify genetic 

variants underlying complex phenotypic variation (Power et al., 2017). Given the bias 

in our dataset towards human isolates and small number of samples from most species, 

we had to perform the analysis on higher taxonomical groups, for example birds and 
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ruminants, as opposed to chickens and cows, potentially reducing the power of our 

analysis (Figure 2.10). Finally, linkage disequilibrium and extensive bacterial 

population stratification significantly reduce our ability to identify SNPs associated 

with an avian host tropism. 

 

Finally, we identified evidence of adaptive evolution in the core genome including 

diversification of gene function. Although some functional categories of genes were 

under positive selective pressure in strains from all host-species including those 

associated with immune evasion, the host-pathogen interface and maintenance of 

DNA, the majority were host-species dependent suggesting host-specific selective 

pressure driving the diversification of biological pathways that are involved in survival 

or transmission. Furthermore, in some cases, distinct pathways were under positive 

selective pressure in different clones associated with the same host-species, implying 

that multiple distinct pathways may mediate host-adaptation depending on the genetic 

background of the strain. In particular, pathways linked to carbohydrate transport and 

metabolism, amino acid metabolism and iron acquisition exhibited signatures of host-

adaptation. 

 

Overall, these findings inform a model of S. aureus host-adaptation in which 

acquisition of a specific set of MGEs confer the capacity for survival in the new host, 

largely through targeting of the innate immune response. Subsequently, positive 

selection acts on the core genome via point mutation causing allelic variation that 

results in metabolic remodelling in response to distinct nutrient availabilities. 
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Figure 2.10. Selection of S. aureus taxonomic group and host-type level affect the 

power of GWAS statistical analysis. Genetic variants associated with a particular 

host-type and distributed across the entire dataset would present high significance of 

host-association (top-right side of the graph). These include, for example, variants 

found only in cow-associated isolates from multiple clonal complexes. On the 

contrary, variants identified only in a sub-lineage of the tree and associated with host-

types of higher taxonomical level have a lower likelihood to explain host-association 

(bottom-left side of the graph). For instance, SNPs present in a specific clonal complex 

and linked with family of ruminants. Such clade-specific variants are a consequence 

of the population structure, and while being more frequently identified, they mostly 

represent spurious associations. 
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2.6. Conclusions 

Taken together, our data provide broad insights into the evolutionary landscape of the 

S. aureus species, highlighting the evolutionary dynamics of S. aureus in the context 

of its host-associations. We generated a high-resolution view of the capacity for a 

model multi-host pathogen to undergo radical changes in host-species ecology by 

genetic adaptation.  

 

Further investigation into the functional basis of these genetic changes will reveal key 

host-pathogen interactions that could be targeted for novel therapies. Further, the 

identification of the most common routes for S. aureus livestock-human host-species 

switches informs the design of more effective farm security measures to limit the 

emergence of new clones. These findings will be relevant to other major bacterial 

pathogens with the capacity to spread between livestock and humans. 
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3 Host-adaptive evolution during 

experimental infection in the face of 

regular bottlenecks. 

 

  

3 
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3.1. Introduction 

Staphylococcus aureus is a generalist pathogen, capable of colonizing and causing 

infections in humans and a variety of animal species (Weese, 2010). The majority of 

strains associated with animals belong to unique clades different from those infecting 

humans, and rarely cross species boundaries (Shepheard et al., 2013). However, 

domestication of animals, agricultural industrialization and globalization have 

contributed for the transmission of bacteria between humans and animals, leading to 

the emergence of livestock-endemic clones in recent decades, causing important 

economic loses in the agriculture and food industry (Fitzgerald, 2012; Lowder et al., 

2009). For example, S. aureus intramammary infections in cows (Smith et al., 2005), 

sheep and goats (Bergonier et al., 2003) are associated with significant economic 

losses in milk production worldwide (Halasa et al., 2009). In addition, the ability for 

S. aureus to switch host-species represents a major concern for global public health. 

 

Our current understanding of S. aureus host-switch events is that following a 

transmission, S. aureus may undergo a series of genomic changes that increase its 

fitness in the new niche that leads to successful adaptation to the new host-species 

(Engering et al., 2013). Several studies have revealed multiple genetic mechanisms for 

host-adaptation, including genetic diversification, gene decay and lateral transfer of 

genetic elements (Lowder et al., 2009; Uhlemann et al., 2012; Viana et al., 2010). For 

example, Guinane et al. (2010) demonstrated that the CC133 clone, responsible for the 

majority of small ruminant infections, originated from a human-to-animal host jump, 

with the genome evolving by gene loss and diversification of proteins responsible for 

host-pathogen interactions (Guinane et al. 2010). In the same way, the S. aureus 
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bovine-associated CC8 clone originated from humans but adapted via loss of a β-

haemolysin converting prophage and the acquisition of a new staphylococcal cassette 

chromosome (Resch et al., 2013). In addition, gain or loss of mobile genetic elements 

was the primary explanation for a bovine to human host jump by a CC97 strain that 

led to emergence of a pandemic clone (Spoor et al., 2013).  

 

Although successfully describing host-associated genomic signatures by comparative 

genomics and phylogenetic analysis, to fully comprehend the process of adaptation to 

a new host-species, we need to investigate the short and medium-term evolutionary 

scales to understand the evolutionary changes that occur during the early stages of a 

host-switch. In addition, the capacity of S. aureus to colonize and persist in a new host-

species depends on its interactions with the host. With the reduction of WGS costs, 

population genomics have been extensively applied for studying the evolutionary 

dynamics, transmission, and population structure of bacterial pathogens within 

individual host (Didelot et al., 2013; Golubchik et al., 2013; Lieberman et al., 2013; 

Young et al., 2012). In addition, the dynamics of evolutionary adaptation has been 

studied recently in bacteria (Barroso-Batista et al., 2014; Søndberg and Jelsbak, 2016) 

and yeasts (Hong et al., 2014; Lang et al., 2013; Voordeckers et al., 2015). However, 

these studies only examined naturally occurring hosts or very short times, and with the 

exception of research on plant pathogens (Guidot et al., 2014; Meaden and Koskella, 

2017), the dynamics of adaptation to a new host-species have not been investigated 

yet. 
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Finally, in vitro experimental evolution studies (Barrick and Lenski, 2013 for a review) 

in combination with computing simulations of evolution (Hindré et al, 2012; Hoban et 

al., 2012) have contributed to clarify theoretical frameworks of genetic variation and 

evolutionary dynamics.  

 

In the present study, we integrate in vivo experimental evolution, within-host 

population genomics and in silico evolution simulations for studying bacterial 

adaptation to a new species after a host-switch. 

 

3.2. Aims 

- To investigate the molecular mechanisms of S. aureus adaptive evolution to a 

new host-species. 

- To examine the nature of the processes affecting the genome during short-term 

and long-term adaptation. 

- To understand the within-host evolutionary dynamics during infections and 

transmissions. 

 

 

3.3. Materials and Methods 

 Bacterial strains, sheep infections and in vitro passages4  

We simulated S. aureus host-jumps by inoculating the mammary gland of sheep with 

two human-associated strains, NCTC8325 and N315. For the inoculations, 40 cfu from 

overnight clonal cultures were suspended in 1ml of PBS and injected into the teat 
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ducts. Sheep were kept isolated from their lambs for 4 h post-inoculation to prevent 

loss of bacteria due to suckling, but then were released into the farm. A few days after 

the inoculation, some ewes developed subclinical intramammary infections while 

others cleared the bacteria. We milked infected sheep every day and after 47 to 75 d, 

we simulated transmission by passing bacteria to a new sheep. For these passages, 50 

to 100 cfus were picked from primary isolation plates and used to infect new animals 

as described before. This process was repeated for 165 to 400 d, depending on the 

strain and success of the infections, representing 4 to 7 passages. From the last isolation 

plates obtained from the milk samples, each of three colonies was picked for whole 

genome sequencing (Supplementary Table 4). In vitro passages of strains NCTC8325 

and N315 were performed by preparing cultures in TSB and transferring 5 μl of each 

culture into 5 ml of fresh medium every 12 h. Passages were performed for 120 to 126 

d and from the last tubes bacteria were plated and single colonies picked for whole 

genome sequencing (Supplementary Table 4).  

 

 Coinfection experiments and detection of infective isolates4 

Coinfections of additional sheep with similar amounts of original (wt) and passaged 

strains, or with the original strain (wt) and a strain with a synonymous SNP in the 

vWbp pseudogene (ss) were performed as indicated above. Infected sheep were milked 

every day and after 40 d, bacterial cultures were prepared from the milk samples and  

individual colonies were identified. PCRs of genomic regions containing new variants  

 

 
4 Sheep infections, in vitro growing of strains and PCR analysis were performed by Jose Penades and 

Angeles Tormo. 
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(see below) and with the ss mutation were performed on 10 to 20 isolates for 

identifying the proportions of different clonal populations. 

 

 Genomic sequencing, assembly and annotation of genomes 

Genomic DNA from overnight cultures of S. aureus isolates was extracted using the 

PurEluteTM bacterial genomic kit (EdgeBiosystems, MD) with modification as 

previously described (Lowder et al., 2009). Illumina libraries were prepared with the 

Nextera XT kit for both MiSeq and HiSeq sequencing at Edinburgh Genomics. Two 

paired-end sequencing runs were produced for every isolate, obtaining reads of 100 

(HiSeq) or 200 bp (MiSeq). Quality control was performed using FastQC, adapters in 

reads were counted using the count_barcodes_by_kmer.pl scripts and top adapters and 

low quality reads were trimmed off using Trimmomatic (Bolger et al., 2014). De novo 

genomic assemblies were performed using SPAdes 3.8 (k values of 21, 33, 55, 77, 99, 

127) (Bankevich et al., 2012), resulting in an median of 67 contigs per genome (32-

237 contigs) with an average N50 value of 199 kb (28 kb to 817 kb). We then annotated 

the genomes using Prokka1.11 (Seemann, 2014) with the -usegenus Staphylococcus 

option. 

 

 Identification of genomic variants: SNPs, deletions and insertions  

Sequencing reads of the isolates were mapped to their respective reference genomes 

(NCTC8325, NC_007795 (Gillaspy et al., 2006) and N315, NC_002745 (Kuroda et 

al., 2001) using BWA with default parameters ( Li and Durbin, 2010). SNPs and small 

indels were identified using the Genome Analysis Toolkit (McKenna et al., 2010) and 

Picardtools (https://broadinstitute.github.io/picard/). In GATK we used the indel 
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realignment and base recalibration options and variants were recalibrated before 

filtering, discarding those with RMS Mapping Quality below 40 and PHRED quality 

below 30. Medium-size indels (few tens or hundreds bp) were identified using Pindel 

(Ye et al., 2009) and large deletions (> 1 kb) with the coverageBed utility of Bedtools 

(Quinlan and Hall, 2010), by splitting the reference genome into windows of 1 kb that 

were then scanned in search of those presenting at least 500 bp with zero coverage. 

We searched for potential acquisition of mobile genetic elements (MGEs) and long 

insertions by assembling unmapped reads and running BLAST searches of contigs 

longer than 1 kb against the NCBI database. A pangenomic matrix was also built using 

roary with default options (Page et al., 2015) and gene content was visualized using 

phandango (Hadfield et al., 2017). 

 

 Identification of genes under positive selection 

To detect genes under positive detection, we first identified orthologous genes using 

the OrthoMCL algorithm (Li et al., 2003) implemented in get_homologs (Contreras-

Moreira and Vinuesa, 2013) with the following parameters: identity >85%, coverage 

>80% and -t 0 to report all clusters. Identification of genes under positive selection 

was performed using the pipeline POTION (Hongo et al., 2015) and paralogous genes 

within groups were removed and only single-copy genes selected for the analysis. For 

each of these, alignments were performed using PRANK (Löytynoja and Goldman, 

2005), and recombination was detected using the phi test (Bruen et al., 2006). Genes 

that did not show significant recombination were used to build phylogenetic trees using 

dnaml (Felsenstein, 1989). We employed the site evolution models of Codeml (M1, 

M2, M7, M8) to perform codon-by-codon analysis of dN/dS ratios (nonsynonymous 
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to synonymous substitution, ω) of genes. Values below 1 indicate purifying selection 

and over 1 positive selection. Since the overall value of ω for a gene might be below 

1 while some regions can still be under positive selection, we tested “site models” of 

positive selection, which allow ω ratio to vary among sites (Yang, 2007). Finally, a 

likelihood ratio test (LRT) was used to determine significant differences between 

nested models M1-M2 and M7-M8. 

 

 Functional annotation of genes 

Since the reference strains NCTC8325 and N315 presented 54% and 25% of their 

CDSs annotated as “hypothetical proteins”, we re-annotated the genes identified in our 

analysis using InterProScan (Jones et al., 2014), and BLAST searches against the 

Conserved Domain Database (Marchler-Bauer et al., 2003) or Pfam protein families 

database (Finn et al., 2016). In addition, we assigned clusters of orthologous groups to 

mutated genes and genes under positive selection using the eggnog mapper (Huerta-

Cepas et al., 2017). 

 

 Phylogenetic and population genetic analysis 

To infer the isolate genealogies and branch lengths we manually constructed core 

genome SNPs alignments from the variants characterized and used them to build 

minimum evolution phylogenetic trees using the maximum composite likelihood 

method in MEGA (Tamura et al., 2007). From the variants identified we estimated the 

substitution rates as described in equation 1: number of mutations (m) divided by the 

genome size (N) times the generations (t/g). Considering a replication time of 30 min 

for S. aureus, 1 year is approximately equivalent to 18,000 generations. 
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µ =
𝑚

𝑁 ∗ (
𝑡
𝑔)

 

 

To understand within-host dynamics we calculated the total number of SNPs per 

isolate, as well as fixed and variable SNPs present in each of the three isolates from 

individual sheep. Given the very-short evolutionary timescales, we applied a simple 

linear regression on SNP counts versus number of days to estimate differences between 

the genetic distances for transmissions and within single host population dynamics. 

Pairwise genetic distances were calculated as the number of SNPs between two isolates 

from the same host. 

 

 Bacterial genome evolution simulations 

We simulated the evolution of genome populations using Genomepop2, a forward time 

simulation program (Carvajal-Rodriguez, 2008). A limitation of this algorithms is the 

exponential increase of computational intensiveness with genomic length. Thus, we 

only simulated 1% of the typical S. aureus genome, i.e. 28 kb, specifying a mutation 

rate of 0.0001 SNPs per genome per generation (around 3.5 x 10-9 mutations per base 

per generation) and with recombination set to 0. Assuming S. aureus has a generation 

time of 30 m and that experiments were performed for 360 d, we simulated 17281 

generations, with a maximum population size of 1.25 x 106 individuals, which is 

equivalent to 5000 cfu/ml in a maximum volume of 250 ml. In order to examine the 

(1) 
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effect of different types of bottlenecks, we simulated a constant population size, tight 

bottlenecks produced by transmissions, wide bottlenecks produced by suckling lambs 

(feeding bottlenecks) and a combination of both. In addition, we simulated evolving 

populations under two selection models, lack of selection (all neutral mutations) and a 

hypothetical distribution with selection coefficients as plotted in Figure 3.1. This 

distribution was based on previous research (Bank et al., 2014; Eyre-Walker and 

Keightley, 2007) and since we were simulating adaptation to a new environment, most 

mutations were set as lethal, deleterious (gamma distribution) and neutral, and very 

few mutations slightly beneficial. In total, we simulated 8 scenarios and ran 100 

replicates for each one. We sampled 1000 genomes every 1000 generations and 

estimated a number of population parameters, including the genetic diversity (as mean 

pairwise number of SNPs between samples), fixed number of SNPs, variable number 

of SNPs, and frequency and variation of genotypes.  
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Figure 3.1. Distribution of selection coefficients in simulations. a) Distribution of 

selection coefficients. Deleterious mutations follow a gamma distribution. b) Pie chart 

showing the proportions of different selection coefficients. 

  

a) 
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3.4. Results 

 Simulating S. aureus host jumps and successive transmissions in 

the new host 

To examine the evolution of S. aureus in a new host-species, we simulated a series of 

host jumps from humans into sheep. For this, we injected human-associated S. aureus 

strains (NCTC8325 and N315) into the teat ducts of ewes and the animals were 

released in a farm environment, where they were in direct contact with other sheep and 

uninfected lambs, which often suckled from their mothers. Successful host jumps are 

different from spill-over events in that bacteria do not only infect and replicate in the 

novel host-species but are also able to transmit to new host individuals (Woolhouse 

and Gowtage-Sequeria, 2005). Thus, we also simulated transmission passages from 

sheep-to-sheep by inoculating additional animals with bacteria isolated from previous 

ewes. This process was repeated up to 6 or 7 times, and some isolates were used to 

infect two or more sheep, leading to tree-form transmission chains with clearly defined 

lineages and sub-lineages (Figure 3.2). The maximum infection time was 400 d, which 

considering S. aureus replicates every 25-30 min, is equivalent to around 18,000-

24,000 generations (Figure 3.2). 
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Figure 3.2. Experimental design of sheep infections. From the parental strains, host 

jumps were reconstructed (*) and serial passages were performed every 3 to 5 w (red 

lines). Each thick line represents a lineage. We selected three clones from some 

intermediate and last isolation plates of every lineage for genomic DNA sequencing 

(blue circles). 

isolates 
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 Passages result in increased S. aureus fitness in the new host 

We hypothesized that strains that had been replicating in sheep for a longer period of 

time might have acquired adaptations to the new host that would enhance infective 

capacity. In order to examine this, we calculated the number of sheep infected versus 

the sheep inoculated for each passage and strain. The infection rates remained 

relatively constant for all N315 strains, with 47% of the inoculated sheep developing 

infections in passages 6 and 7, compared to the 40% in passages 1 and 2. For 

NCTC8325, infectivity rates slightly increased from 40% in passages 1 and 2 to 63% 

in the last passages (Figure 3.3). However, this was not statistically significant (p-value 

0.22, Mann-Whitney test), suggesting passaging had limited effect on infectivity. 

However, the data were affected by extensive variation between animals, reflecting 

differences in physiological and anatomical host factors (Prasad and Newbould, 1968); 

and extremely variable infection rates in the final passages (ranging from 0 to 1), due 

to the small number of sheep inoculated with a given strain compared to the first 

passages (8 and 5 ewes were inoculated with the NCTC8325 and N315 strains 

respectively) (Supplementary Table 5). 

 

Another approach to measure adaptation to a new environment is competition 

experiments with ancestral strains (Visser and Lenski, 2002). To determine if passaged 

strains were fitter than their respective parental strains, we performed coinfections of 

additional sheep with similar loads of both original and passaged strains (two derived 

from the N315 and two from the NCTC8325).   
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Figure 3.3. Boxplots of infection rates estimated for every passage. The relative 

amount of infected sheep out of the inoculated sheep does not significantly vary in 

accordance with number of passages. Boxplots show means and interquartile ranges, 

while points indicate the infection rates for every passage using the NCTC 8325 strain 

(green) and the N315 strain (orange). 
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40 d after the inoculations, sheep were milked and bacteria isolated from those that 

had developed intramammary gland infections. In all cases, we only recovered isolates 

representing one of the co-infecting strains, suggesting that the initial equilibrium 

between the two populations was unstable and ended up shifting towards one of them. 

Notably, passaged strains were recovered more frequently (Fisher exact test, p= 

0.0394, p=0.027 Barnard’s test), suggesting they were more likely to survive than the 

original ones, consistent with increased fitness associated with a competitive 

advantage (Figure 3.4a). We observed differences between the four passaged strains, 

which may suggest variable rates in adaptive evolution. For example, out of the 8 ewes 

co-infected with the N315 strain and its descendant N1122, 4 (50%) had the original 

strain and 4 (50%) the passaged one. In contrast, sheep co-infected with NCTC8325 

and its successor C221 presented the passaged line in 90% of cases. 

 

The survival of only a single strain in all coinfections suggests within-host dynamics 

is influenced by strong oscillations of bacterial populations, consistent with the nature 

of the udder environment. The volume of milk in the glands is considerably reduced 

every time a lamb suckles, contributing to narrow population bottlenecks that can be 

followed by clonal expansions of subpopulations, similarly to previous reports 

(McVicker et al., 2014). To examine this phenomenon further, we infected 20 

additional sheep with 2 isogenic strains, the NCTC8325 (wt) and its clone containing 

a single synonymous mutation in the vWbp pseudogene (ss), presumably identical in 

fitness. Excluding five ewes that were not infected or cleared the infection after 1 w, 

all others presented only a single strain (Figure 3.4b). 
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Figure 3.4. Coinfection experiment results. a) Number of infected sheep with the wt 

strain or the passaged strain (striped) 40 d post co-infection. Significant differences 

were obtained when compared to the 50-50% outcome expected for the null hypothesis 

with no adaptation. (p=0.039, one-tailed fisher exact test; p=0.027 Barnard’s test). b) 

Proportions of the wt strain (blue) and the strain with a synonymous SNP (ss) for co-

infection experiments of 20 sheep. 

a) 

b) 

wt 

ss 
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As expected, the wt and ss strains were recovered in similar proportions (8 wt, 7 ss). 

Of note, both strains coexisted in most sheep at day one but later during the first week, 

the equilibrium was lost and the udder was only colonized by a single strain. In one 

case (sheep 41D) both strains coexisted for more than 50 d, until a single strain became 

dominant. 

 

 Adaptive mutations acquired during the infections and passages 

From the final isolation plates of every lineage, we performed whole-genome 

sequencing of three colonies and identified the genomic variation S. aureus had 

accumulated during the passages. Passaged strains presented a range of mutation types, 

including SNPs, short indels and large deletions. However, large insertions, 

acquisition of MGEs or genomic rearrangements were not observed in any isolate. The 

number and variety of mutations for independent lineages were variable but evenly 

distributed across the genome (Figure 3.5a). Of the 99 SNPs identified in total among 

the 51 isolates (27 derived from NCTC8325 and 24 from N315), 25 were in intergenic 

regions, 52 were non-synonymous, 18 synonymous and 4 caused the disruption of 

genes by introducing premature stop codons. Of the short insertions and deletions 

(indels) 9 resulted in frame shifts, 4 in disruptive frame changes and 14 were intergenic 

(Figure 3.5b). Most mutations had moderate effects (change in protein structure) and 

modifier effects (affecting intergenic and regulatory regions) (Figure 3.5c), but we 

were interested in those that affect protein structure, which are more likely to be 

involved in host adaptation. The majority of these mutations were in genes encoding 

proteins involved in virulence, regulation, signal transduction, or transport and 

metabolism (Figure 3.5a). Of these, 47 % affected genes encoding secreted products 
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or proteins related with the bacterial surface, most of which participate in cell wall 

biosynthesis, pathogenesis and host-pathogen interactions. Some notable examples 

include the capsule gene cap5B, involved in the biosynthesis of capsular 

polysaccharide (O’Riordan and Lee, 2004); the EssB transporter, required for 

secretion of the proteins EsxA and EsxB involved in virulence (Chen et al., 2012); the 

staphylococcal complement inhibitor SCIN, that counteracts the host immune defence 

(Rooijakkers et al., 2005); and hyaluronate lyase, involved in tissue invasion (Makris 

et al., 2004). We also identified missense SNPs in genes encoding regulatory proteins, 

such as the walK gene of the two-component regulatory system WalK/WalR, which 

controls autolysis, biofilm formation and cell wall metabolism (Dubrac et al., 2007), 

mutations in the virulence regulators agrC and agrA, or in the ccpA gene, which 

encodes the catabolite control protein A, required for carbon catabolite repression and 

virulence regulation (Seidl et al., 2006). These mutations in regulators of global 

processes are of interest, as they may enable bacteria to rapidly adapt to environmental 

changes. Additionally, we detected a frameshift in the vraS locus, suggesting that 

adaptation to a new host-species might also be mediated by changes in two-component 

signal transduction systems that enable bacteria to sense, and respond to stimuli and 

induce changes in transcription. Proteins involved in replication were affected also, 

with mutations in the recU and rpoB genes, which respectively encode the Holliday 

junction resolvase and the β-subunit of RNA polymerase. Lastly, several mutations 

affected transporters (multidrug efflux transporter Acr, putative drug exporter 

SA2339; ABC transporter SAOUHSC_00634 or tricarboxylate transporter SA0664) 

and metabolic enzymes (adenine-specific DNA methylase, glyceraldehyde-3-

phosphate dehydrogenase, 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase). 
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Figure 3.5. Mutations acquired during the infections and passages. a) Distribution 

of different types of mutations across the genomes and genes affected. b) Frequency 

of various types of mutations. c) Mutations effects on the protein level: high (protein 

disrupted or shortened), moderate (low impact variations in protein sequence such as 

amino acid changes), low (mutations do not affect the protein) or modifier (in 

intergenic regions). 
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Consistent with previous studies that identified gene loss and pseudogene 

accumulation during S. aureus host-adaptation (Guinane et al., 2010; Lowder et al., 

2009); we also detected large deletions in isolates derived from both the NCTC8325 

and N315 strains, which corresponded with well-characterized elements. The typical 

transducing prophage Φ11 was excised in an early infection of the C2 lineage, since it 

was absent in all the derived isolates. In addition, a single isolate from the clone C221 

lacked a 28 kb region of the variable genome island νSaβ that contains all the 6 spl 

genes and a cluster of 4 genes encoding a flavoprotein and the lantibiotics epidermin 

and gallidermin. In addition, all the isolates from the sublineage C4 had a 60bp deletion 

in a STAR-like false-CRISPR element (Zhang and Ye, 2017), which has been 

proposed to play a functional role in cell physiology and pathogenesis (Purves et al., 

2012). Similarly, the N121 clonal isolates had a 60 bp deletion of a repeat situated in 

an intergenic region, suggesting these elements linked with regulatory functions may 

play a role during adaptation. Finally, the clone N21 lacked the sdr gene cluster, which 

encodes the serine-aspartate repeat-containing proteins that participate in adherence to 

human epithelial cells (Corrigan et al., 2009), interaction with the innate immune 

system cells (Sitkiewicz et al., 2011) and the infection process (Tung et al., 2000).  

 

Although the experiment was designed to allow the potential acquisition of MGEs 

from resident sheep bacteria, possibly mediated by lambs suckling multiple ewes, none 

was identified. Considering that strains from different host-species exchange 

bacteriophages and plasmids when put together in the same niche (McCarthy et al., 

2014), we conducted BLAST searches of mobile genetic elements from ruminant-
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adapted S. aureus strains (Guinane et al., 2010) in all the isolates passaged, but such 

elements were not detected, suggesting robust barriers to genetic acquisition. 

 

Convergent evolution has been reported during rapid within-host adaptation in other 

bacterial species (Lieberman et al., 2011; Marvig et al., 2013). We searched for host-

adaptive signatures or genes that acquired related mutations in independent lineages 

and found the asp2 gene to be mutated in two passaged isolates from the N315 and 

NCTC8325 strains. asp2 encodes the protein Asp2, which is part of the accessory 

secretory system involved in the export of serine-rich glycoproteins to the bacterial 

surface, that are involved in pathogenesis in a number of Gram-positive species (Siboo 

et al., 2008).  

 

Next, by combining the results from the coinfection experiments with the genomic 

changes identified, we aimed to estimate the contributions of different sets of 

mutations to the fitness enhancement during passage. Although the number and types 

of mutations for the four passaged strains were very different, the two isolates with the 

highest competition rates (C221 and N222), which outcompeted the wt in 90% and 

80% of cases, presented the highest proportions of non-synonymous SNPs in their 

genomes, 9/10 and 4/4 respectively. C221 missense SNPs were located in genes 

encoding a polysaccharide biosynthesis protein, a glyceraldehyde-3-phosphate 

dehydrogenase or a hyaluronate lyase, among others. The 4 non-synonymous SNPs of 

N222 affected a pyruvate kinase, a multidrug efflux transport, an aminotransferase and 

the Asp2 protein. However, in the other strains that also presented a fitness increment 

compared to the wt, 80% of SNPs were intergenic and synonymous, and only 1 non-
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synonymous SNP was identified, impacting the gene encoding the type VII secretion 

protein EssB. In addition, it contained an indel disrupting an ABC transporter.  

 

For the in vitro passaged lineages, isolates had accumulated a greater numbers of 

mutations, but they were highly variable for each lineage, with the most divergent 

presenting 23 SNPs and the most conserved having only 2 SNPs and 4 indels. SNPs 

were primarily non-synonymous affecting genes encoding enzymes involved in 

metabolic pathways. In addition, 4 SNPs in the lpl3, narG, oatA and alr1 genes 

resulted in premature stop codons of a lipoprotein, a nitrate reductase, an O-

acetyltransferase and an alanine racemase. We also found large deletions of phages 

and a 17 kb cluster of genes involved in the biosynthesis of staphyloxanthin. Taken 

together, these results suggest that during the in vitro passages, due to the availability 

of nutrients in the media, non-essential metabolic pathways tend to undergo genetic 

diversification leading to a loss of function (Leiby et al., 2014). 

 

 Short-term and long-term host adaptation follow different 

evolutionary pathways. 

Some of the genes mutated during the passages, such as the serine aspartate-rich 

containing proteins C and E or the Fibronectin-binding protein A, had been previously 

characterized to be undergoing adaptive evolution in ruminants (Guinane et al., 2010).  

Thus, we investigated if during the in vivo passages, genomes from the human-

associated strains acquired similar features to S. aureus strains adapted to sheep and 

goats. For this purpose, we performed BLAST searches of every mutated gene against 

14 ruminant associated genomes from the CC133 clade (Figure 3.8) and then aligned 
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homologous sequences and compared them in search of similarities with the mutated 

genes. We did not identify any genetic variants in human genes that were converting 

to resemble those from ruminant strains.  

 

During the first few thousand generations after a host-jump, bacteria require a rapid 

adaptation that may involve different genes than those affected by the long-term 

adaptive evolution, a slower process of refinement to the host (Rohmer et al., 2011). 

We examined protein-coding genes under positive selection in S. aureus strains that 

specifically infect sheep and goats (CC133) and compared them to the genes mutated 

during passages. We also checked for genes under positive selection in the human-

associated clades of the strains used for the experiments. Several of the genes under 

selection in ruminant and human associated strains also encoded cell wall-associated 

(CWA) proteins, which are involved in host-pathogen interactions and therefore more 

likely to be under selective pressure to adapt to polymorphic receptors in different host 

species (Guinane et al., 2010). Comparisons of functional categories showed that 

genes mutated during the passages were more enriched in transport and metabolism 

while genes under positive selection presented higher proportions of COGs involved 

in information storage and processing (Figure 3.6).  

 

We also tried to use the non-synonymous/synonymous ratio for identifying which 

mutated genes were under selection, but this measure is not adequate for samples 

drawn from a single population (Kryazhimskiy and Plotkin, 2008). 
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Figure 3.6. Differences between short and long-term adaptation to ruminants. a) 

Maximum likelihood phylogenetic tree of S. aureus strains from humans and 

ruminants. b) Clusters of orthologous groups (COGs) for genes under positive 

selection in the human-associated CC5 and CC8 clades, the ruminant associated 

CC133, and for genes mutated in passages.  

a) 

b) 
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 Population genetics and dynamics of within-host evolution and 

transmissions  

We constructed minimum evolution trees for S. aureus NCTC8325 and N315 based 

on the core SNPs of all the isolates derived from each passage experiment (Figure 3.7). 

Tree topologies were consistent with the transmission chains simulated during the 

infection experiments (Figure 3.2). To infer the population dynamics from the trees 

we need to account for both within-host evolution and transmissions events. 

Depending on the rate at which new mutations arise and the fitness benefit effect of 

those mutations, within-host evolution may reflect dominance of a single strain at any 

time-point due to periodic selection, or coexistence of multiple genotypes within the 

host due to clonal interference (Barrick and Lenski, 2013). Simulations of transmission 

events between sheep introduced tight bottlenecks representing 50-100 colonies 

picked from the primary isolation plate of one animal that were used to infect the next 

animal. Considering the effect of transmission events, we postulate three possible 

scenarios: (i) dominance of a single strain before and after transmission; (ii) diverse 

genotypes coexist within individuals but only a single clone dominates after 

transmission; (iii) diverse genotypes coexist within a host and after transmission. 

Examination of the topology of the phylogenetic trees (Figure 3.7) is consistent with 

scenario (ii), where different branch lengths representing multiple isolates from 

individual sheep indicate the accumulation of genetic diversity within those animals, 

followed by dominance of a single lineage after a passage to a new host (Figure 3.7). 

This is further supported by sequencing of intermediate isolates, which represent 

distinct sub-branches of the tree (Figure 3.7 in red). Differences in branch lengths of 

ML trees indicate that distinct genotypes accumulate mutations at different rates.   
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Figure 3.7. Minimum evolution trees of the passages. a) Tree topologies and 

lineages are consistent with the transmission chains simulated in the experiments. 

Differences in branch lengths for isolates from specific sheep indicate the co-existence 

of different alleles within the animals, supporting the scenario of ‘genetic variability 

arising from single clones after a transmission’. b) Lineages from which intermediate 

isolates were sequenced are marked in red. 

 

 

  

a) 

b) 
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In order to understand the molecular processes contributing to host-adaption after a 

host-switch, we examined the evolutionary dynamics of S. aureus during experimental 

infection of sheep. Bacteria infecting sheep exhibited an average substitution rate of 

2.78 mutations per Mb per year (Figure 3.8a), similar to previous estimations for S. 

aureus infecting humans (Young et al., 2012). The estimated rates for independent 

lineages were normally distributed and there was no evidence for hypermutators, 

which have been previously associated with rapid host adaptation (Lieberman et al., 

2014). In contrast, bacteria cultured in nutrient-rich conditions in vitro had an average 

substitution rate of 12.3 SNPs/Mb/year, a rate 4.5 times higher than the in vivo rate. 

We can attribute this difference to the higher replication rate of S. aureus in nutrient 

broth compared to intra-mammary infections (see methods), where suboptimal 

environmental conditions and the host immune response deaccelerate bacterial growth. 

Furthermore, for the in vitro passages, bacterial populations reached very high 

numbers (~1e9 cfu/mL) and serial transfers were performed every 12 h, with much 

broader bottlenecks, leading to higher numbers of fixed SNPs.  
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Figure 3.8. Evolutionary dynamics summary analysis. a) Substitution rates for in 

vivo and in vitro passages. b) SNP accumulation over time during transmissions 

(NCTC 8325: R2=0.44, correlation=0.66; N315: R2=0.10, correlation=0.31) and/or 

within host only (NCTC 8325: R2=0.06, correlation=0.24; N315: R2=0.10, 

correlation=0.32). c) Pairwise genetic distance distribution for weeks 8 and 9 (early) 

and weeks 10 and 11 (late). 

  

a) b) 

c) 
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In order to further explore within-host dynamics and to infer the impact of 

transmissions on genetic diversity, we plotted the number of SNPs accumulated in all 

isolates sequenced during the study versus the total infection days (Figure 3.8b). The 

graph shows a strong temporal correlation and the molecular clock lines crosses the x-

axis at around 0, consistent with the use of single genotypes for the inoculation of the 

initial hosts. In contrast, when we only plotted SNPs identified between isolates from 

individual animals, trend lines crossed the time axis at around day 30, consistent with 

a delay in the appearance of genetic diversity. Since the rate at which new mutations 

arise in the populations is constant (Figure 3.8), the absence of the expected diversity 

in the time after the initial inoculation/transmission simulation can be explained by 

either strong selection of ancestral genotypes or by genetic drift. As we have 

demonstrated that passaged isolates are generally fitter than their progenitors, we 

suggest that the reduction in genetic diversity is due to the continuous bottlenecks 

resulting from feeding lambs. This was further supported by the distributions of 

pairwise genetic distances between isolates sampled from within individual hosts at 

early (8-9 w) or late (10-11 w) time points (Figure 3.8c). At early time points, 

infections from clonal populations are expected to follow a geometric distribution, 

which then turn into a geometric-Poisson approximation as time passes on (Worby et 

al., 2014a; Worby et al., 2014b). These patterns were observed in our data consistent 

with the existence of continuous bottlenecks purging the accumulated population 

diversity. 

 

To provide a high resolution picture of the within-host population dynamics, we 

sequenced 100 S. aureus isolates representing colonies isolated from sheep 40 d after 
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co-infection with isogenic wt and derivative ss that differed by a single synonymous 

mutation in the vwbp pseudogene. Among the 100 isolates examined, 6 SNPs were 

identified, of which only 1 non-synonymous SNP in the locus aacA, encoding the 

acetyl-CoA carboxylase alpha subunit, was fixed in the population. We performed 

PCRs of this genomic region in 10 colonies isolated every week after the infection, 

revealing this mutation achieved fixation during the first week post-inoculation. The 

other five SNPs were present in very low frequency, representing 1-3% of the 

population. Sequencing of the mutation-containing region in 3% of the population 

from 400 colonies at times 14, 22 and 29 did not detect the presence of the mutation, 

indicating it only appeared during the last 12 d of the infection. These data are 

consistent with our previous analysis indicating that bottlenecks limit the fixation of 

mutations by purging of accumulated variation due to genetic drift. 

 

 Beneficial mutations emerge in the face of regular bottlenecks 

In order to further examine the impact of transmission and feeding-associated 

bottlenecks on the genomic diversity and the nature of mutations selected, we carried 

out simulations of models of the evolution of bacterial genomes using Genomepop2 

(Carvajal-Rodriguez, 2008). To account for differences between the different 

bottlenecks, we reproduced four scenarios: a constant population size (1), 

transmissions between individuals (2), feeding bottlenecks (3) and a combination of 

both (4). Given that the software allowed us to specify the selection coefficients for 

every mutation in the genome, we simulated two models, one with all mutations as 

neutral and another with selection coefficients following a hypothetical previously 

determined distribution (Barrick and Lenski, 2013; Eyre-Walker and Keightley, 2007) 
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(see methods). Simulations were run for over 17,000 generations, similar to the 

estimated replications for the in vivo experiments, and we sampled 100 isolates every 

1000 generations. Pairwise genetic distances increased over time for the neutral model 

and remained constant when selection occurred (Figure 3.9a), indicating that in the 

absence of selection, mutations accumulate steadily in the population. In both 

situations, bottlenecks resulted in a reduction of the population diversity. Next, we 

looked at the accumulation of variable and fixed SNPs over time (Figure 3.9b). In lack 

of selection, variable SNPs increase logarithmically towards an equilibrium, consistent 

with the pairwise genetic distances observed. As expected, bottlenecks considerably 

reduced the variable SNPs, but still allowed certain genetic variation to remain in the 

population without ever reaching fixation. However, once we introduced some level 

of selection as would be expected during infection, some mutations swept through the 

population and became fixed, causing a drastic reduction in the number of variable 

SNPs. Nevertheless, the number of SNPs that became fixed in the simulations was 

much higher than in our experiments, possibly due to differences between the model 

and the experimental infections in relation to the size of the bottlenecks, mutation rates, 

the generation time within sheep or the selection coefficients distribution. 

  

Finally, we determined the types of coefficients associated with the variable and fixed 

SNPs in the four scenarios (Figure 3.9c). Within a host, variable SNPs represent the 

diversity on which selection acts to fix them into the population. As one would expect, 

in lack of bottlenecks, beneficial mutations outcompete neutral and deleterious SNPs, 

and tend to accumulate during the generations.   
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Figure 3.9. Simulations of genomic populations. a) Average pairwise genetic 

distances between random selected isolates from the populations simulated. b) 

Accumulation of fixed and variable SNPs over time. c) Types of variable and fixed 

SNPs determined from the selection coefficients associated with every nucleotide. 

  

a) 

b) 

c) 
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Although deleterious and lethal mutants are rapidly purged, transmission and feeding 

bottlenecks increase the power of genetic drift, leading to an accumulation of neutral 

and deleterious SNPs, which, after natural selection, result into an accumulation of 

some neutral mutations. This is consistent with our co-infection results, as one of the 

four lineages resulted in similar fitness to the ancestral strain, suggesting that 

mutations acquired were at the best, neutral. 

 

3.5. Discussion 

In this study, we investigated the molecular basis of adaptation to a new host-species 

and revealed new insights into within-host evolution and transmission dynamics 

associated with the adaptive process in a natural environment. Although evidence for 

S. aureus host adaptation has been reported (Guinane et al., 2010; Lowder et al., 2009; 

Resch et al., 2013; Spoor et al., 2013), these studies generally used comparative 

genomics and phylogenetic analysis of contemporary clinical isolates to identify 

genetic signatures associated with transition to a new hosts-species. However, our 

understanding of the population dynamics associated with a shift in host-species is 

lacking. Here we examined, for the first time, the evolutionary genetic changes 

responsible for S. aureus adaptation during experimental infection of a new host-

species. 

 

Adaptive evolution to a new host-species is a slow process, starting when pathogens 

interact with novel host-types leading to transient spill-over events (Engering et al., 

2013). If pathogens are able to transmit to further individuals of the new host-species, 

these events can be considered successful host jumps (Woolhouse et al, 2005). This 
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has occurred historically through domestication and most recently because of 

industrial livestock production, providing increased interactions and new opportunities 

for host-switching (Wolfe et al., 2007). Using an in vivo long-term experimental 

evolution approach, we reproduced S. aureus host-jumps and transmissions in the new 

host, which simulated the natural infection scenario while giving us control of the 

direction of transmissions.  

 

Once pathogens are established in the new host-species, they may develop novel traits 

to exploit distinct nutrients available, which may result in increased pathology 

(Engering et al., 2013). In the current study, sheep injected with human-associated 

strains only developed subclinical infections and infection rates did not increase for 

strains that had been associated for longer with the new host, suggesting passaged 

strains did not acquire such traits in the examined timeframe. However, using a 

competitions analysis approach (de Visser and Lenski, 2002), we demonstrated that 

passaged strains were more likely to persist than the evolutionary progenitors, 

indicating increased fitness was acquired during the passage experiments. 

 

Examination of the nature of the genes that acquired mutations revealed a large number 

of encoding proteins involved in S. aureus pathogenesis and host-interactions. 

Although these categories may contribute to the adaptation to the new environment, 

they are also likely to be under immune selection (Grumann et al., 2014). The 

identification of polymorphisms in regulators of transcription may have a profound 

effect on host-pathogen interactions and just a few genetic changes can result in the 
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remodelling of global regulatory networks, determining the ecology, physiology, and 

fitness of bacteria (Damkiær et al., 2013; Howden et al., 2011). 

 

The large deletions we observed for some lineages is consistent with gene loss as a 

mechanism for host-adaptation (Guinane et al., 2010; Lowder et al., 2009). Although 

this kind of genome structural variation is less common than small SNPs and indels, 

loss of function and genome reduction have been demonstrated to be important 

strategies for adaptation to new hosts (Hottes et al., 2013; Toft and Andersson, 2010). 

Although MGEs have been strongly implicated in the adaptation of S. aureus to new 

host species (Guinane et al., 2010; Spoor et al., 2013), we did not identify acquisition 

of MGEs among isolates obtained from the experimental infections. Similarly, other 

studies with different bacterial species also identified large-scale deletions but not 

insertions during within-host evolution (Price et al., 2013; Smith et al., 2006). 

 

We also examined whether S. aureus uses similar mechanisms during short-term and 

long-term adaptation. We detected positive selection by comparing the ratio of non-

synonymous to synonymous mutations, as this method has been extensively used in 

other bacterial genomes (Alves et al., 2013; Lefébure and Stanhope, 2009; Orsi et al., 

2008; Xu et al., 2011). We identified that several genes mutated during the passages 

and genes under positive selection in ruminant-associated strains encode proteins that 

are exposed on the bacterial cell surface or associated with the membrane. This was 

expected considering the encoded antigens interact with the host immune system, 

causing positive selection to favour novel epitopes that can evade immune recognition 

(Didelot et al., 2016). Nevertheless, genes that acquired high-effect mutations in the 
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experimental evolution assays were not similar to those undergoing positive selection 

in ovine-specific S. aureus clones, which could be interpreted as short and long-term 

adaptation following different evolutionary strategies. Another explanation could be 

that the adaptive evolution landscape is so extensive that strains achieve host-

adaptation through multiple distinct pathways. However, we only tested “site models” 

of positive selection and for many genes these can be still conservative (Yang, 2006). 

In addition, one could also think that adaptation does not occur at gene level but at the 

metabolic pathway level (Su et al., 2013), which was not investigated. 

 

The overall substitution rate was consistent with previous estimates for S. aureus 

(Young et al., 2012). Within-host variation was also observed in S. aureus infecting 

humans (Golubchik et al., 2013; Young et al., 2012) and is in accordance with clonal 

interference, with bacterial populations accumulating multiple beneficial mutations 

that continuously compete, slowing down the fixation in the population (Campos and 

Wahl, 2010; Fogle et al., 2008; Sniegowski and Gerrish, 2010). Within-host variation 

could also reflect the emergence of subtypes, which are adapting to multiple different 

niches within the mammary gland, which represents numerous several small ducts 

leading to thousands of alveoli where bacterial subpopulations could acquire specific-

niche adaptations.  

 

The capacity of S. aureus to colonize and persist in a new host-species depends on the 

dynamics of its interaction with the host (Wilson, 2012). We discovered that after a 

transmission, the subsequent infection is founded by a single clone. Similar population 

dynamics patterns have been described in intravenous infections of pneumococci, 
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where after an inoculum of bacteria the resulting septicaemia originated from a single 

clone that posteriorly diversified into new lineages (Gerlini et al., 2014). McVicker et 

al. (2014) also described population bottlenecks and clonal expansions following 

initial inoculums of zebrafish with S. aureus. In our study, we attribute these 

bottlenecks to two major events that produced regular shrinking of the population size 

and subsequent foundational effects. During such scenarios, the power of genetic drift 

is so overwhelming that mutations accumulate in an effectively neutral fashion (Lynch 

et al., 2016), allowing deleterious and neutral mutations to fixate in higher proportions 

(Muller’s Ratchet). In addition, due to the stochastic nature of evolutionary processes 

and the diminishing advantages of increased perfection of molecular adaptations, 

selection can only achieve an upper limit of refinement in smaller populations (Lynch 

et al., 2016). However, our data indicate that in spite of the effect of regular bottlenecks 

on population structure, the infection passages favoured the fixation of beneficial 

mutations.  

 

In silico evolution analysis supported our results, showing that beneficial mutations 

increase over time even when bottlenecks are frequent, suggesting that the fitness gain 

of beneficial SNPs is high enough to overcome genetic drift and sweep through the 

population. When the population size is constant, multiple beneficial mutations are 

expected to arise, and competition between them would slow down their progression 

towards fixation. However, although continuous bottlenecks produce random genetic 

drift and beneficial mutation loss, as new population emerge from very few 

individuals, beneficial mutations can achieve fixation quickly after the bottlenecks. 
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The simulation models are limited by the fact that did not consider differences in 

replication time, as bacteria with shorter generation time will have a fitness advantage. 

In addition, the mutation rate and the selection coefficients distribution we used were 

hypothetical. The variation within each sheep would also depend on the effective 

population size and the frequency of the sweeps occurring within them. Finally, in 

natural transmission, genetic drift probably has a higher impact, since probably just 

one colony is able to penetrate the teat of the next animal. Nevertheless, we had control 

over most of the parameters used for the simulations, which were consistent with the 

experimental infection data. 

 

3.6. Conclusions 

Experimental infection of animals with human-associated bacterial strains offers an 

excellent framework to understand adaptive evolution after a host-switch event. 

Having full control of the environment and the direction of the transmissions allowed 

us to characterize the molecular mechanisms of the early stages of bacterial adaptive 

evolution to a new host-species.  

 

Most of the studies on within-host evolution have been performed in static 

environments such as the lungs or the gut. Here we provide new insights on the 

adaptive evolution in a dynamic environment, which can help to understand the 

development of infections in similar environments, such as the urinary tract. The 

evolutionary dynamics in the face of regular bottlenecks suggests that the fitness gain 

of beneficial mutations is high enough to overcome genetic drift and sweep through 

the population. 
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4 Population genomics of Legionella 

longbeachae and hidden complexities 

of infection source attribution.  

4 
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4.1. Introduction 

Legionellosis presents as 2 clinically distinct forms: an influenza-like illness called 

Pontiac fever and a severe pneumonia known as Legionnaires’ disease (Fields et al., 

2002). In Europe and the United States, most legionellosis cases are caused by 

Legionella pneumophila serogroup 1 (Edelstein, 1982; Fields et al., 2002); <5% of 

cases are caused by non-pneumophila Legionella spp. (Joseph and Ricketts, 2010; 

Marston et al., 1994). In Australasia, New Zealand, and some countries in Asia, 

infections caused by L. longbeachae occur at comparable levels to infections caused 

by L. pneumophila (Cramp et al., 2010; J. S. Li, et al., 2002; Whiley and Bentham, 

2011). Unlike L. pneumophila infections, which are typically linked to artificial water 

systems, L. longbeachae infections are associated with exposure to soil, compost, and 

potting mixes (Yu et al., 2002). 

 

The number of legionellosis cases caused by L. longbeachae is increasing worldwide 

(Whiley and Bentham, 2011), with a notable rise reported across Europe (Den Boer et 

al., 2007; García, et al., 2004; Potts et al., 2013). Within the United Kingdom, most L. 

longbeachae infections have been identified in Scotland, where 6 cases were 

diagnosed during 2008–2012 (Lindsay et al., 2012) and another 6 were diagnosed in 

the summer of 2013 and represented a singular increased incidence or cluster with all 

patients requiring intensive care hospitalization (Potts et al., 2013). Epidemiologic 

investigation revealed that most patients from the 2013 cluster were avid gardeners, 

and L. longbeachae was isolated from respiratory secretions and from samples of the 

growing media they had used for gardening before becoming ill (Lindsay et al., 2012; 

Potts et al., 2013). However, an investigation into the provenance of the growing 
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media did not reveal a single commercial or manufacturing source that would suggest 

a common origin for the L. longbeachae associated with the outbreak (Lindsay et al., 

2012). 

 

Molecular typing methods used to discriminate between L. longbeachae and other 

Legionella spp. and between the 2 L. longbeachae serogroups have limited efficacy, 

and although considerable evidence supports growing media as a source for L. 

longbeachae infections (Koide et al., 2001; Steele et al., 1990), there is still a lack of 

genetic evidence for an epidemiologic link. Furthermore, a population genomic study 

involving large numbers of L. pneumophila isolates has been conducted (Rao et al., 

2013; Reuter et al., 2013), but the same has not been done for L. longbeachae, so the 

diversity of environmental and pathogenic genotypes and the relationship between 

them remains unknown for L. longbeachae. To examine the aetiology of the 2013 

cluster of legionellosis cases in Scotland in the context of L. longbeachae species 

diversity, we analysed the genomes of 70 Legionella spp. isolates from 4 countries 

over 18 years. 

 

4.2. Aims 

- To investigate the epidemiology of the cluster of legionellosis cases in Scotland 

using population genomic approaches. 

- To examine the population structure of L. longbeachae from Scotland in the 

context of the global species diversity. 

- To investigate the impact of recombination and intraspecies and interspecies 

gene flow on the genetic diversity of this pathogen. 
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4.3. Material and Methods  

 Bacterial isolates 

We sequenced 65 isolates that had previously been identified as L. longbeachae. These 

isolates were obtained during 1996–2014 from several patients, growing media 

samples (including compost and soil), and a hot water supply. Of these isolates, 55 

were from Scotland (29 from the 2013 cluster of infections and 26 from other clinical 

and environmental samples) and 10 were from patients and environmental compost 

samples in New Zealand (Supplementary Table 6). 

 

In our analysis, we also included all publicly available genome sequences for L. 

longbeachae: L. longbeachae NSW150 (serogroup 1) and L. longbeachae C-4E7 

(serogroup 2) isolated from patients in Australia; and L. longbeachae D-4968 

(serogroup 1), L. longbeachae ATCC39642 (serogroup 1), and L. longbeachae 98072 

(serogroup 2) isolated from patients in the United States (Cazalet et al., 2010; Gomez-

Valero et al., 2011; Kozak et al., 2010). We sequenced multiple isolates (n = 2 to 5) 

for each of 3 patients and their linked growing media samples from the 2013 outbreak 

in Scotland and for 2 additional compost samples. The species of all isolates had been 

determined by serotyping or macrophage infectivity potentiator (mip) gene sequencing 

(Fallon and Abraham, 1983; Ratcliff et al., 1998). 

 

 Bacterial culture, genomic DNA isolation, and WGS 

We cultured Legionella spp. isolates in a microaerophilic and humid environment at 

37°C on BCYE (buffered charcoal yeast extract) agar plates for 48 h. We then picked 

individual colonies from the plates and grew them in ACES-buffered yeast extract 
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broth containing Legionella BCYE Growth Supplement (Oxoid Ltd., Basingstoke, 

UK) with shaking at 37°C for 24–48 h. We extracted genomic DNA from fresh 

cultures by using the QIAGEN DNeasy Blood and Tissue Kit (QIAGEN Benelux 

B.V., Venlo, the Netherlands). 

 

We prepared sequencing libraries by using the Nextera XT kit for MiSeq or HiSeq (all 

from Illumina, San Diego, CA, USA) sequencing at Edinburgh Genomics, University 

of Edinburgh (Edinburgh, Scotland, UK). For each isolate, one 2 × 250–bp or two 2 × 

200–bp paired-end sequencing runs were carried out using the MiSeq and HiSeq 

technologies, respectively. Raw reads were quality checked using FastQC v0.10.1 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc), and primers were 

trimmed by using Cutadapt (Martin, 2011). We used wgsim software 

(https://github.com/lh3/wgsim) to simulate sequence reads for publicly available, 

complete whole-genome sequences. 

 

 Genome assemblies and variant calling 

De novo assemblies of the Legionella isolates were produced using SPAdes 2.5.1. 

(Bankevich et al., 2012) (k values of 21, 33, 55, 77, 99 and 127), generating a median 

of 106 contigs per genome (range, 38– 402 contigs), with an average of 4.16 Mb in 

length (3.98–4.52 Mb) and an average N50 of 130 kb (29 kb-291 kb). 

 

The error-corrected reads produced by SPAdes were mapped against the Legionella 

longbeachae reference genome of strain NSW150 (GenBank accession number 

NC_013861) using BWA 0.5.9 (Li and Durbin, 2010) with default parameters. SNPs 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://github.com/lh3/wgsim
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were called using Samtools 1.18 (Li et al., 2009) and those absent in at least 30% of 

the reads, with quality below 30 and depth below 3 were filtered out. The output from 

this filtering was used to construct consensus genomes of all the isolates for further 

phylogenetic analyses. 

 

 Analysis of genome content 

The contigs were annotated using Prokka v1.10 (Seemann, 2014) and orthologous 

genes were clustered using the algorithm OrthoMCL (Li et al., 2003) integrated in the 

software Get_homologs (Contreras-Moreira and Vinuesa, 2013). We selected the 

options –f 50 (filters by 50% length difference within clusters) and –t 0 (for reporting 

all the clusters), resulting in 1801 core genome clusters. This program was also run 

using the Sg1 isolates only as input, specifying the options minimum percentage 

coverage (-C 80) and percentage identity (-S 85), which generated a core genome of 

2574 gene clusters. 

 

We also used JSpecies (Richter and Rosselló-Móra, 2009) to compute the average 

nucleotide identity values (BLAST; ANIb) between several pairs of isolates. These 

ANIb results were represented on a plot where isolates were clustered according to the 

16S rRNA phylogenetic tree. In addition, a pangenomic tree of the OMCL binary 

matrix from get_homologs.pl using all the Legionella isolates was constructed using 

the compare_clusters.pl script. 
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 Evolutionary and phylogenetic analysis 

To confirm the identity of the isolates, a Neighbour-Joining tree based on the 16S 

rRNA gene of the sequenced genomes and all the cultured type Legionella strains 

available in the Ribosomal Database Project (J. R. Cole et al., 2014) (as of 01/06/2015) 

was constructed. The RNAmmer 1.2 server (Lagesen et al., 2007) was used to identify 

the 16S rRNA genes in the de novo assemblies, which were then aligned using 

MUSCLE with default parameters (Edgar, 2004). The Neighbor-Joining tree was 

estimated using the Hasegawa–Kishino–Yano model and 1000 bootstrap resampling 

replicates using the program Geneious 5.4.6 (Kearse et al., 2012). 

 

To construct a phylogeny based on the whole genome sequence data, the 1801 

orthologous open reading frames identified using OrthoMCL were aligned using 

MUSCLE 3.8.31 (Edgar, 2004). Individual protein alignments were translated back to 

DNA alignments using pal2nal v14 (Suyama et al., 2006) and the resultant alignments 

were concatenated using catfasta2phyml.pl (https://github.com/nylander/ 

catfasta2phyml) into an 1110024 bp long super-alignment. A ML phylogenetic tree 

was estimated based on this alignment using RAxML. C-4E7 was excluded from the 

original clustering as the low quality of the assembly significantly reduced the size of 

the core genome. 

 

The L. longbeachae phylogeny was reconstructed using a Neighbour-Joining approach 

in Splitstree4 (Huson and Bryant, 2006). Phylogenies of L. longbeachae Sg1 isolates 

before and after removing recombination were reconstructed from the genome 

alignments using RAxML 7.2.6 (Stamatakis, 2006). 
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 Detection of recombination 

Recombination was examined using the SplitsTree4 program (version 4.13.1) (Huson 

and Bryant, 2006). A phylogenetic network was computed on the L. longbeachae Sg1 

multiple genome alignment using the Neighbour-Net method implemented in this 

software. The statistical significance of the tree was confirmed using a Phi test (Bruen 

et al., 2006). Recombination was detected on the core genome alignment of the Sg1 

isolates using BratNextGen (Marttinen et al., 2012). After drawing a PSA tree, we 

selected a cutoff of 0.042, which split the tree into 8 clusters. We used 20 iterations for 

the recombination learning algorithm and after performing 100 replicate runs in a 

single processor we selected a threshold of 5% for estimating the significance of 

recombination. Finally, the L. longbeachae Sg1 ML tree and the whole genome 

alignment were used as input for ClonalFrameML (Didelot and Wilson, 2015) to 

generate a phylogeny with branch lengths corrected for recombination. 100 pseudo-

bootstrap replicates were used to estimate the uncertainty in the EM model and the 

option - ignore_user_sites with the list of non-core coordinates was parsed. 

 

 Plasmid analysis 

We used PLACNET, a software that constructs a network of contigs interactions, for 

the identification and visualization of plasmids (Lanza et al., 2014). Bowtie2 v2.0.6 

(Langmead and Salzberg, 2012) was first used to find all possible scaffold links of the 

contigs by mapping the reads to them. Length and insert sizes of the reads mapped 

were calculated using Picard-Tools v1.90 (https://sourceforge.net/projects/picard/ 

files/picard-tools). These files and metrics were parsed as input for placnet.pl, which 

produced a plasmid network from which we extracted the scaffolds. We then 
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performed a BLAST search of the contigs assembly files to a database containing all 

the bacteria and plasmids genomes available in the NCBI ftp site 

(ftp://ftp.ncbi.nlm.nih.gov/) (created in March 2015) and results were filtered as 

follows: contigs longer than 200 bp, with a bitscore below 1e-26 and that had at least 

a blast hit over 5% of the contig size. The results were further analysed to classify the 

nodes into one of these categories: “hit completely to a single reference genome,” 

“split nodes that hit to a single reference genome” and “nodes that hit several 

genomes.” The hits and the scaffolds were combined into a network that was uploaded 

into Cytoscape (Smoot et al., 2011). Recommendations given in the PLACNET 

manual were followed to visualize the chromosome and plasmids networks. BLAST 

was finally used to search for Legionella spp. plasmid related sequences in the contigs. 

 

4.4. Results 

 Limitations of current typing approaches for Legionella spp. 

identification 

We sequenced 65 isolates obtained from several patients and environmental samples 

over 18 years in different countries and previously identified as L. longbeachae. To 

confirm the species identity of the Legionella isolates, we constructed a phylogenetic 

tree that included all Legionella type strains for which cultures are available, based on 

the 16S rRNA gene sequence (Cole et al., 2014). We also built phylogenetic trees 

based on the whole-genome content and core-genome diversity. For each approach, 64 

of the 70 isolates examined co-segregated within the L. longbeachae–specific clade, 4 

isolates clustered with Legionella anisa, and 2 belonged to a separate clade that was 

distinct from all known Legionella spp. (Figure 4.1, Figure 4.3, Figure 4.3).  
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Figure 4.1. 16S rRNA gene–based phylogenetic tree. Sequenced genomes and all 

the cultured and type Legionella spp. strains available in the ribosomal database 

project (http://rdp.cme.msu.edu/), as accessed in May 2015, were included. Scale bar 

indicates the mean number of nucleotide substitutions per site. The isolates and species 

identified in this study are coloured, in contrast to the Legionella spp. groups that have 

not bee identified among our samples.  
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Figure 4.2. Parsimony based tree of the OMCL pangenomic matrix obtained for 

all the sequenced genomes. Scale bar indicates the gene content differences. The 

isolates are coloured according to their species or serogroup. 
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Figure 4.3. Maximum likelihood tree of a core gene alignment of all the isolates 

included in the study. The tree shows the same clusters as the 16S rRNA gene based 

tree and the parsimony pangenome tree. Scale bar indicates the mean number of 

nucleotide substitutions per site. The isolates are coloured according to their species 

or serogroup. 
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The species identities were further supported by determination of the average 

nucleotide identity values, a widely used method for bacterial species delineation 

based on genomic relatedness (Kim, et al., 2014). Of note, L. anisa is the most 

common non-pneumophila Legionella spp. in Europe (HPS, 2015; Mee-marquet et al., 

2006; Svarrer and Uldum, 2012). In addition, L. longbeachae isolates 13.8642 (from 

a compost sample from Scotland) and 13.8295 (from a patient in New Zealand) belong 

to a putative novel Legionella spp. Overall, the data indicate that current serotyping 

methods and mip gene sequencing are limited in their capacity to identify L. 

longbeachae to the species level. 

 

To investigate the genetic relatedness of L. longbeachae strains associated with the 

2013 outbreak to temporally and geographically distinct isolates, we constructed a core 

genome–based neighbour-joining tree of the 64 confirmed L. longbeachae isolates 

obtained from 4 countries over 18 years (Figure 4.4). This phylogenetic tree presents 

a comet-like pattern, with 2 distinct clades separated by 9,911 single-nucleotide 

polymorphisms, representing the major serogroups (serogroups 1 and 2) previously 

identified for L. longbeachae (Ratcliff et al., 1998), each containing isolates from 

patient and environmental samples from different years. In contrast with findings from 

a previous analysis of 2 isolates of L. longbeachae serogroup 1 (Gomez-Valero et al., 

2011), we observed a higher diversity among the 56 isolates within serogroup 1 (Figure 

4.1, Figure 4.3); this finding is not unexpected, given the difference in the number of 

genomes examined.  
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Figure 4.4. Neighbour-Joining phylogeny based on the core genome of Legionella 

longbeachae isolates. Isolates are coloured by geographic source, and dashed boxes 

indicate the defined or predicted serogroups to which the isolates belong. The two 

serogroups Sg1 and Sg2 can be easily differentiated, Sg1 on the left and Sg2 on the 

right side of the tree.  
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Nevertheless, compared with isolates from the same serogroup in other Legionella 

spp., such as L. pneumophila serogroup 1 (2% polymorphism), L. longbeachae 

serogroup 1 exhibits a lower diversity (<0.1% polymorphism). Although serogroup 1 

and 2 clades contained isolates from Scotland, Australasia, and the United States, 96% 

of the isolates from Scotland (including all of the 2013 outbreak isolates) belonged to 

serogroup 1, suggesting that serogroup 1 may be more clinically relevant in Scotland 

than in some other countries where L. longbeachae is a more established cause of 

legionellosis. However, analysis of more isolates from different countries would be 

required to investigate this observation further. 

 

 Effect of recombination on L. longbeachae serogroup 1 population 

structure 

It is established that recombination has played a key role in shaping the evolutionary 

history of L. pneumophila, but its effect on L. longbeachae population structure is 

unknown (Gomez-Valero et al., 2011; Underwood et al., 2013). This knowledge is 

critical because for highly recombinant bacteria, recombination networks may 

represent evolutionary relationships more explicitly than traditional phylogenetic 

trees. Therefore, we constructed a recombination network of all serogroup 1 isolates 

by using the neighbour-net algorithm of SplitsTree4 (Huson and Bryant, 2006). The 

resultant network displayed a reticulate topology with an extensive reticulated 

background from which clusters of isolates emerge, supporting an evolutionary history 

involving recombination (p< 0.01 by ϕ test) (Bruen et al., 2006), followed by clonal 

expansion and subsequent additional recombination events among some lineages 

(Figure 4.5). Using BratNextGen (33), we identified a total of 94 predicted 
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recombination events affecting more than half of the core genome (1.74 Mb of 3.36 

Mb) and representing recent and ancient recombination events of different sizes (range 

1,350 bp–350 kb) distributed across the phylogeny (Figure 4.6). Given the reported 

limitation in sensitivity of BratNextGen for the identification of all recombination 

events (de Been et al., 2013), we also used ClonalFrameML (Didelot and Wilson, 

2015), an algorithm that uses maximum likelihood inference to simultaneously detect 

recombination in bacterial genomes and account for it in phylogenetic reconstruction. 

The estimated average length of the recombined fragments was 8,047 bp, and the ratio 

of recombination to mutation was 1.42, indicating a greater role for recombination 

over mutation in the diversification of L. longbeachae. This estimate is in accordance 

with early estimates for L. pneumophila based on multiple gene sequence data 

(Coscollá et al., 2011), but it is low compared with recent estimates based on whole-

genome sequence data (recombination to mutation ratios of 16.8 (Underwood et al., 

2013) or 47.93 (Sánchez-Busó, et al., 2014)). Differences in the clonal diversity of 

Legionella spp. sequence datasets used to determine recombination rates could affect 

the estimates. Reconstruction of the phylogeny after removal of all predicted 

recombinant sequences resulted in a tree with largely similar clusters of isolates but 

with reduced branch lengths and variation in the position of nodes deep in the 

phylogeny (Figure 4.7). 
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Figure 4.5. Neighbour-Joining split network. Only the Legionella longbeachae 

Serogroup 1 isolates are included (patients-related in red, environmental-related in 

green), the network is based on the consensus alignment obtained from mapping every 

isolate to the reference chromosome NSW150. Scale bar indicates the mean number 

of nucleotide substitutions per site.  
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Figure 4.6. Recombinant regions of the core genome alignment of 55 L. 

longbeachae Sg1 isolates as identified using BratNextGen. On the left, a clustering 

tree of the isolates with coloured branches indicating cluster relationships. On the right, 

significant recombinant segments predicted, with similar colour in a column 

representing recombinant regions for those isolates have the same origin. 
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Figure 4.7. Core genome–based maximum-likelihood phylogeny of Legionella 

longbeachae serogroup 1 isolates corrected for recombination. Source, country, 

year of isolation, relatedness and plasmid carriage are indicated. Related isolates 

include those from the same patient or their cognate environment and are shown in the 

same colour. Isolates from the 2013 outbreak are indicated in grey. Of note, isolates 

from the same patients are clustered together but do not co-segregate with their 

respective compost samples. Scale bar indicates the mean number of nucleotide 

substitutions per site. 
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 Accessory genome analysis indicates extensive interspecies and 

intraspecies gene flow 

The extent to which horizontal gene transfer occurs among L. longbeachae isolates 

and between L. longbeachae and other Legionella spp. is unknown. In our study, the 

pangenome of L. longbeachae represented by the 56 serogroup 1 isolates was 6,890 

genes, including a core genome of 2,574 genes; the average gene content was 3,558 

genes per strain. The accessory genome, which included only strain-dependent genes 

varied from 809 to 1,155 genes, depending on the strain. A parsimony clustering 

analysis based on the presence or absence of all genes classified the isolates in a 

manner distinct from that in a core genome–based maximum-likelihood tree, 

suggesting extensive horizontal gene transfer among L. longbeachae isolates. BLAST 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) analysis of all assembled contigs was used to 

filter for plasmid-related homologous sequences, revealed 2 major plasmids: pLLO, 

described previously in L. longbeachae NSW150 (Cazalet et al., 2010), and pLELO, 

originally identified in L. pneumophila subsp. pneumophila (Gomez-Valero et al., 

2011). Of the 55 serogroup 1 isolates, 36 contained sequences for the pLLO and 

pLELO plasmids. Of note, the distribution of these plasmids among the L. 

longbeachae isolates correlated with the gene content–based clustering, whereas the 

distribution of plasmids in the core genome–based tree was independent of the 

phylogeny (Figure 4.7). In addition, 11 isolates appeared to contain plasmids with 

sequences homologous to those for pLLO and pLELO, which is indicative of 

recombinant forms of the plasmid.  
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Figure 4.8. Legionella longbeachae plasmid analysis. Contigs networks 

reconstructions for 6 representative L. longbeachae types of plasmid content. The 

networks of the contigs representing the main chromosome and plasmids comprising 

the genome obtained by using PLACNET (38), a program enabling reconstruction of 

plasmids from whole-genome sequence datasets. The sizes of the contig nodes (in 

grey) are proportional to their lengths; continuous lines correspond to scaffold links. 

Dashed lines represent BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) hits to the L. 

longbeachae (blue) or L. pneumophila (red) strains; intensity of the line is proportional 

to the hit (white indicates low, black indicates high). Green lines correspond to plasmid 

contigs. Background colours indicate species relatedness for the main chromosome 

and plasmids (blue for L. longbeachae, red for L. pneumophila, pink for a combination 

of both, and yellow for previously unidentified genomic content). 
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Further examination of plasmid diversity using a modified version of PLACNET 

(Lanza et al., 2014), a program enabling reconstruction of plasmids from whole-

genome sequence datasets, confirmed that some plasmids consisted of a mosaic of 

recombinant fragments homologous to pLELO, pLLO, or other unknown plasmids 

(Figure 4.8). Overall, these data indicate the high prevalence of specific plasmids 

among L. longbeachae isolates and reveal extensive recombination and horizontal 

gene transfer among different Legionella spp. (Cazalet et al., 2004). The high 

prevalence of plasmids in L. longbeachae is notable, considering these elements may 

be less common in L. pneumophila (Underwood et al., 2013). 

 

To examine the possibility that clinical and environmental isolates of L. longbeachae 

contained genomic differences reflecting their distinct origins, we compared their 

accessory genome content. For isolates obtained from a single patient sample, the 

accessory genome was highly conserved compared with those for environmental 

isolates from a single compost sample or closely related environmental isolates from 

distinct compost samples (Figure 4.9a). In addition, considering the average gene 

content of all sequenced isolates (28 clinical and 27 environmental), the gene content 

for L. longbeachae from growing media samples (3,586 genes) was significantly 

higher than that for isolates from patients (3,533 genes; 2-sample t-test, t = 2.5213; d.f. 

= 53; p = 0.01474) (Figure 4.9b). The data imply that gene loss occurs during human 

infection or that L. longbeachae strains with reduced gene content have enhanced 

human infectivity. However, we did not identify a specific enriched gene or functional 

category in clinical or environmental samples (data not shown). 
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Figure 4.9. Variation in gene content between environmental and patient 

Legionella longbeachae samples. a) Increase in pangenome size with every addition 

of a L. longbeachae genome. Environmental isolates pangenomes (green) are larger 

and continue increasing after the addition of 5 genomes, consistent with an open 

pangenome, but the within-patient pangenome plateaus quickly, consistent with a 

more closed pangenome. b) Average gene content of environmental isolates is 

significantly higher than that of clinical isolates (p = 0.01474). 

a) 

b) 
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 Source attribution confounded by complex serogroup 1 

populations within environmental samples 

Having accounted for the influence of recombination on the phylogeny of L. 

longbeachae, we investigated the diversity of isolates associated with 5 patients and 

their linked compost samples obtained during 2008–2014, including 3 patients from 

the 2013 outbreak in Scotland. Of note, isolates from the 2013 outbreak were 

distributed across several subclades of the tree, indicating that the infections were 

caused by different strains (Figure 4.7). However, all isolates from a single patient 

clustered together, consistent with a monoclonal aetiology of each infection. Of note, 

for all 5 patients, clinical isolates were not closely allied to the environmental isolates 

obtained from linked compost samples, and therefore a genetic link between patient 

and compost samples could not be established. Most subclades included isolates of 

diverse geographic origin, consistent with a wide distribution for L. longbeachae 

strains; however, 3 L. longbeachae isolates originating from Australasia (strains 

13.8294, 13.8293, and NSW150) belonged to their own region-specific cluster (Figure 

4.7). 

 

We hypothesized that the lack of genetic relatedness between L. longbeachae isolates 

from patients and linked compost samples could be explained by a highly diverse 

population of L. longbeachae in growing media samples compounded by a sampling 

strategy consisting of a single sequenced isolate. All 5 compost samples for which we 

had >1 isolate contained isolates distributed across multiple clades in the phylogenetic 

tree. In particular, 4 isolates from the same growing media sample linked to a patient 

infected in Edinburgh in 2014 were distributed across 4 distinct clades, demonstrating 
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that within a single environmental sample, considerable species diversity may be 

represented (Figure 4.7). Taken together, these data suggest that for future outbreak 

investigations, extensive sampling of environmental samples may be required to 

identify genotypes responsible for episodes of legionellosis infection, if indeed they 

are present. 

 

4.5. Discussion 

Our findings reveal the population genomic structure for L. longbeachae, an emerging 

pathogen in Europe and the United States, and includes a genome-scale investigation 

into an outbreak of L. longbeachae legionellosis. We provide evidence for extensive 

recombination and lateral gene transfer among L. longbeachae, including the presence 

of widely distributed mosaic plasmids that have likely recombined with plasmids from 

other Legionella spp., suggesting an ecologic overlap or shared habitat. Our analysis 

highlights the need to account for recombination events when determining the genetic 

relatedness of L. longbeachae isolates. 

 

Our application of whole-genome sequencing for diagnostic purposes revealed the 

misidentification, using current serotyping methods, of several L. anisa isolates as L. 

longbeachae and led to the identification of a putative novel Legionella sp. linked to 

legionellosis. These findings highlight the limitations of current typing methods for 

differentiation of Legionella spp. and accurate identification of legionellosis aetiology. 

 

We used whole-genome sequencing to attempt to establish a genetic link between 

legionellosis infections and associated compost samples. Our inability to establish a 
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link probably reflects the traditional strategy of single isolate sampling, which when 

applied to a highly diverse pool of L. longbeachae genotypes fails to detect the 

infecting genotype. We suggest that the approach to investigating the source of future 

legionellosis cases linked to growing media will require a radical revision of sampling 

protocols to maximize the chances of isolating the infecting strain, if present.  

 

4.6. Conclusions 

Taken together, our findings provide a view of the population structure of L. 

longbeachae and highlight the complexities of tracing the origin of legionellosis 

associated with growing media. Overall, our findings demonstrate the resolution 

afforded by whole-genome sequencing for understanding the biology underpinning 

legionellosis and provide information that should be considered for future 

epidemiologic investigations. 
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5 General discussion  

5 
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Pathogenic bacteria are a main cause of human disease and mortality worldwide. The 

history of humanity has been interweaved with the impact of infectious diseases, and 

major epidemics of plague, smallpox and yellow fever, among others, have caused 

millions of deaths over the centuries (Tognotti, 2013; Wolfe et al., 2007). The 

industrialization and urbanization during the 19th century contributed to improved 

sanitation and hygiene, which combined with control and prevention measures 

introduced during the 20th century, led to the reduction of the incidence of several 

infectious diseases (Bloomfield et al., 2006). In addition, the discovery of antibiotics 

and the development of vaccines permitted the eradication of smallpox virus and the 

elimination of other infections in specific regions (Bazin, 2003). With such promising 

successes, the end of infectious diseases seemed a feasible reality at one stage 

(Brachman, 2003). However, the appearance of AIDS in the 1980s, the re-emergence 

of typhus, cholera and tuberculosis, and an overall increase in mortality associated 

with other infections, indicated that bacterial pathogens would remain a burden of 

disease (Fonkwo, 2008). Demographic, socio-economic and environmental factors are 

contributing to the emergence of new pathogens, and misuse of antibiotics both in 

humans and animals have driven the re-emergence of diseases that had been 

successfully controlled (Michael et al., 2014; Morse, 1995). Notably, most emerging 

human infectious diseases have been traced to an animal origin (Taylor et al., 2001; 

Wiethoelter et al., 2015). Understanding the ecology and evolution of bacterial 

pathogens at the population level is essential to unveil the molecular basis of infectious 

diseases. In this thesis, WGS and population genomic approaches provide new insights 

into the evolutionary dynamics of pathogens, molecular basis of host-adaptation and 

the aetiology of a new emerging disease, which represent valuable information that 
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could be applied to the development of novel therapies or the design of effective 

surveillance and control measures. 

 

The current study provided broad insights into the evolutionary landscape of the S. 

aureus species in the context of its host-associations. Traditionally, molecular typing 

approaches were used, but the low resolution achieved by such methods did not 

provide sufficient discriminatory power to infer certain transmissions. With the high 

resolution afforded by WGS, population genomic analyses have contributed 

substantially to our understanding of the evolutionary and epidemiological processes 

promoting the transfer of pathogens from animals to humans (Assefa et al., 2015; 

Haagmans et al., 2009; Weis et al., 2016), and numerous studies have traced the 

dynamics of human diseases with zoonotic origins (Kilpatrick and Randolph, 2012; 

Wiethoelter et al., 2015). In this work, the high-resolution phylogeny of hundreds of 

isolates associated with multiple host-species supported a stratification of the clonal 

host-specificity. This has important public health implications for assessing the 

relevance of future emerging epidemic clones. Knowing if an emerging strain descends 

from a generalist or a host-restricted lineage can provide information relevant to 

understanding the likelihood of that strain expanding in the new host population. This 

information can be relevant for other pathogens showing similar host-association 

relationships. For example, C. jejuni, E. coli and species of the Salmonella genus are 

also characterized by presenting sub-lineages able to infect an ample range of host-

species and specialist sub-clones restricted to a single host (Llarena et al., 2016; 

Strachan et al., 2015). In addition, knowing the level of host-specialization for 

individual lineages can also provide information on the virulence of potential emerging 



 

 164 

clones, since host-adapted S. aureus strains may often be more virulent than other 

generalist clones (Shepheard et al., 2013). 

 

Furthermore, identifying the most common routes for S. aureus host-species switches 

between animals and humans can be helpful for the development of more effective 

control measures. Generally, animals act as reservoirs for the transmission of 

pathogens into humans (Day et al., 2012), and changing livestock management 

methods, global trade and increasing interaction between humans, wildlife and 

domesticated animals represent risk factors for zoonotic transmissions (Marano and 

Pappaioanou, 2004). However, the present study identified humans as the major hub 

for the spread of S. aureus to livestock, suggesting a role of human activities, such as 

domestication of animals, in subsequent opportunities for cross-species transmission. 

In fact, an increasing number of infectious diseases transmitting from humans into 

animals have been reported, such as influenza A virus, Cryptosporidium parvum, and 

Ascaris lumbricoides, and population and evolutionary genomic analyses have the 

capacity to elucidate the factors underlying these reverse zoonosis (Carroll et al., 2014; 

Messenger et al., 2014). Nevertheless, even though humans are the largest reservoir of 

S. aureus, cows may represent the second largest reservoir, with 3-5% of global bovine 

mastitis being caused by this pathogen. This is clearly sufficient to support multiple 

transmissions of S. aureus back into humans (Sakwinska et al., 2011).  

 

An understanding of the molecular mechanisms underlying host-specificity is 

important to inform on the potential for specific lineages to cross the species-barrier 

and infect new host-species. In the current study, the putative host-adaptive genes 
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identified provide new avenues for investigating the mechanisms of bacterial host-

adaptation, and these genes may also represent novel therapeutic targets for controlling 

future human and animal infections. Previous studies using comparative genomic 

analyses of pathogens from multiple host-species revealed various genetic 

mechanisms mediating host-adaptation (Foley et al., 2013; Sheppard et al., 2013; 

Viana et al., 2015; Almeida et al., 2016). In the current work, the identification of 

prophages and pathogenicity islands is consistent with the role played by the exchange 

of MGE through lateral gene transfer in S. aureus host-adaptation (Malachowa and 

Deleo, 2010).  

 

GWAS on single SNPs did not reveal any associations with humans or animal groups, 

suggesting that such small changes in the core genome probably do not mediate host-

tropism at the entire species level. Although Viana and colleagues identified that a 

single nucleotide mutation was required to convert a human-specific S. aureus strain 

into one that could infect rabbits (Viana et al., 2015), that study was restricted to a 

specific clonal complex and a single species, compared to the wider groups 

investigated in this work. Nevertheless, considering that adaptation to a novel host-

species is a continuous evolutionary process (Rohmer et al., 2011), SNPs in the core 

genome might mediate adaptation in the long-term. In the present study, positive 

selection analyses identified genes and functional categories undergoing selection 

involved in host-adaptation, suggesting that infecting a new host over thousands of 

generations can further optimize the metabolism of pathogens through mutations in 

several genes. 
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Figure 5.1. Population genomic analyses to investigate bacterial pathogen niche 

adaptation. The figure includes examples used in this work. 
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Comparative genomics and phylogenetic analyses of S. aureus isolates from multiple 

species have provided a long-term overview of the evolution and genetic basis of host-

specificity (Lowder et al., 2009; Viana et al., 2010; Uhlemann et al., 2012). In this 

work, a better comprehension of the adaptive process to a new host-species was gained 

by investigating the evolutionary processes occurring during the early events of a host-

switch. Following a transmission from humans to sheep, S. aureus had to colonize the 

new host, overcome the immune system defences and produce effectors that promoted 

the invasion of the host tissues. During these initial stages, S. aureus underwent a series 

of genomic changes that increased its fitness in the new niche. Contrary to the key role 

played by MGE in host adaptation during longer evolutionary scales, short-term 

adaptation was mediated by small genomic changes, a finding that could have 

important implications for targeting determinants in vaccine development programs.  

 

Most of the mutations identified in this work were in genes encoding proteins involved 

in virulence, regulation, transport and metabolism, which is consistent with other 

studies examining the within-host adaptation of pathogens (Lieberman et al., 2011; 

Marvig et al., 2015; Price et al., 2013). In addition, many genes with mutations 

encoded secreted products or proteins related with the bacterial surface, which have 

been shown to be under diversifying selection, favouring the generation of new 

variants that may promote evasion by the host immune system (Kennemann et al., 

2011; Marvig et al., 2015; Price et al., 2013). In addition, the spatial heterogeneity 

provided by the microenvironments within the mammary gland may promote the 

genomic diversification of S. aureus populations, which is consistent with other studies 
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that reported populations diverging into distinct sub-lineages within the same or 

different hosts (Markussen et al., 2014; Zdziarski et al., 2010).  

 

Pathogenic bacteria infecting individuals of a new species represent the first step of a 

potential successful host-jump. Many infections transmitted from one host-species to 

another are acute in nature and are rapidly cleared, but pathogens able to mediate 

onward transmissions to other individuals may expand to become an epidemic clone 

in the new host-species (Woolhouse et al, 2005; Wolfe et al., 2007). Experimental 

evolution replicating the transmission of S. aureus between animals permitted us to 

investigate the impact of such transmissions on the genetic diversity of the pathogen 

population, suggesting that continuous bottlenecks limit the fixation of mutations by 

purging the accumulated diversity. This is relevant for understanding the within-host 

evolution of pathogens in other environments with complex dynamics, such as the 

urinary tract (Cole et al., 2014), especially considering most studies have been 

performed in static environments such as the lungs. Body systems that accumulate and 

eject media colonized by bacteria impose strong genetic drift in pathogen populations, 

leading to accumulation of mutations in an effectively neutral fashion (Lynch et al., 

2016). Theoretically, this would allow deleterious and neutral mutations to fixate in 

high proportions (Muller’s Ratchet process), but the current work demonstrated that in 

the face of regular bottlenecks the fitness gain of beneficial mutations can be high 

enough to overcome genetic drift and sweep through the population. On the contrary, 

other studies investigating the impact of bottlenecks on pathogen populations have 

shown similar results to theoretical predictions, with the genetic diversity being 

stochastically reduced (Kono et al., 2016). However, the inoculum and founding 
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population sizes of those studies were much smaller than the 100 cfus used in our 

experiments. This suggests that very tight bottlenecks lead to the Muller’s Ratchet 

process to drive the loss of beneficial mutations, while wider bottleneck allow the 

fixation of beneficial mutations. In addition, the findings of our work highlight the 

importance of validating theoretical predictions made by population genomic models 

using in vivo systems. To date, due to logistical difficulties and high costs of within-

host experimental evolution experiments, very few studies have used these approaches 

to investigate the adaptation of pathogens to new species, and these have been 

performed using plants and the pathogens Pseudomonas syringae and Ralstonia 

solanacearum (Guidot et al., 2014; Meaden and Koskella, 2017). However, the 

evolutionary dynamics of pathogens during the adaptation process to plants and 

animals are likely very distinct due to major anatomical and physiological differences 

between these types of organisms.  

 

Finally, the environment also represents an enormous reservoir for bacterial species, 

and many emerging pathogens are opportunistic bacteria with a versatile life-style. 

Adaptation to the environment and human associated niches is a major challenge for 

pathogens, and usually involves intermediate host organisms that allow a pre-

adaptation to humans, such as amoebas in the case of Legionella species (Aujoulat et 

al., 2012). In the current study, genome reduction was observed in L. longbeachae 

isolates recovered from humans, which is consistent with other studies suggesting gene 

loss is a main force for the emergence of pathogens from the environment (Merhej et 

al., 2009). 
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In addition, the sequencing of several isolates from both the environment and single 

individuals revealed the open pangenome of the environmental isolates compared to 

the closed pangenome of the human-associated ones. This would not have been 

possible if WGS had been applied to a single isolate per individual, as traditionally 

performed, and such low level of sampling is not likely to provide enough resolution 

to infer the rates and routes of transmission in epidemiological investigations (Eyre et 

al., 2013; Worby et al., 2014). In the current study, the sequencing of single isolates 

from the compost samples impeded the identification of the source of the infections 

(Bacigalupe et al., 2017). However, population genomic analyses identified the 

evolutionary relationships between the Scottish L. longbeachae isolates with strains 

from other countries around the world, which shows the value of WGS for 

investigation of the global spread of bacterial pathogens. In addition, the extensive 

levels of recombination and lateral gene transfer between L. longbeachae isolates and 

other species highlights the importance of accounting for these events in 

epidemiological investigations. These evolutionary mechanisms may impact 

enormously on the population structure of pathogens, hindering the identification of 

the source of the infections and the characterization of the transmission chains 

(Tibayrenc and Ayala, 2012). 

 

This study demonstrates the application of WGS and population genomic approaches 

to investigate the evolutionary history of bacterial pathogens, the molecular 

mechanisms of host adaptation and the epidemiology of infectious diseases in the 

context of their global diversity. These data provided new insights into the ecology 

and evolution of infectious diseases, which is relevant to other major bacterial 
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pathogens able to spread between different niches. However, this work also presents 

some limitations that potentially affect our findings. First, the large collection of S. 

aureus was considerable biased towards isolates from human origin, while other host-

types were underrepresented. Although it is often assumed that genomic determinants 

found in divergent lineages associated with specific hosts and absent in their ancestors 

represent host-adaptive factors (Murray et al., 2017), the aforementioned bias might 

have led to identification of genetic changes associated with drift rather than with 

adaptation. Despite the bias in our dataset, our results are probably not very affected 

as most human clones were highly clonal. Secondly, host-adaptation can be also driven 

by the combined effect of several genes, as recently identified in the adaptation of 

influenza virus to humans and various animals (Khaliq et al., 2016). The effect of 

combinations of genes or the epistatic interactions of SNPs remains to be explored, 

which could reveal more complex pathways for host-adaptation than the investigated 

so far. In addition, genetic features of the host can influence host-pathogen 

interactions, determining the capacity of bacteria to colonize and persist in the new 

host-species. It has been reported that different human ethnicities have different rates 

of S. aureus infection (Messina et al., 2016). Similarly, different strains of sheep and 

cattle present distinct susceptibility to S. aureus infection, sepsis, and death (Bonnefont 

et al., 2012; Griesbeck-Zilch et al., 2009). Thus, investigating the impact of both S. 

aureus and host genetic variation could improve the understanding of the molecular 

mechanisms of host-adaptation. Furthermore, potential genomic differences between 

isolates from host-restricted and generalist sub-lineages were not analysed, which 

could result in the identification of traits associated with the ability for a multi-host 

ecology. This aspect is also relevant in our experimental evolution work, since we only 
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used strains from the generalist CC5 and CC8 clonal complexes. We did not observe 

exchange of MGE encoding host-specificity determinants, usually required by 

specialist pathogens to cross the host-species boundaries, but probably not needed by 

generalists for switching between host-types. Thus, future studies should examine the 

evolution of host-restricted clones during the adaptation process to a new host-species. 

Furthermore, although we tried to reproduce natural conditions during the passage 

experiments, the inoculum size used to colonize new sheep could be different to the 

actual amount of bacteria transmitted from sheep-to-sheep by natural means. The size 

of this bottleneck was important for our population genetic inferences, which were also 

limited by the number of isolates we sampled, sequenced and analyzed. Additionally, 

the replication time estimated in the laboratory conditions might also differ to that 

within sheep, considering the immune system imposes pressures that limit bacterial 

grow. Moreover, the selection coefficients and other parameters used in the in silico 

evolution experiments coud also deviate from the real ones, but we thoroughly revised 

the bibliography to use the most precise ones. Finally, as we concluded in our genomic 

epidemiology study, the single-isolate sampling strategy of L. longbeachae impeded 

us to detect the infecting genotype and therefore the source of the infections. 

Furthermore, the number of isolates from other countries other than Scotland, England 

and New Zealand was very small. We were constrained by the availalble genomic 

sequences and our study provided a snapshot of the known global L. longbeachae 

diversity in 2014. 

 

In the coming years, as sequencing technologies continue to improve and routine WGS 

is implemented in research centres and health service facilities across the world, 
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hundreds of thousands and millions of isolates of different bacterial species from 

different environments, host-groups and multiple countries will be available in public 

databases. Subsequently, future investigations including very large numbers of isolates 

from additional host-types and other continents will improve our understanding of the 

evolutionary dynamics of bacteria in the context of their host-associations. In addition, 

novel sequencing technologies will further improve the quality of bacterial genomes, 

producing highly accurate assemblies that only contain the full chromosomes and 

plasmids. Sequencing of single cells rather than populations obtained from colonies 

will bring population genomic studies to an unprecedented extent, providing an 

excellent framework for applying big data population genomics and epidemiological 

strategies. These advances will allow the scientific community to better understand the 

evolutionary dynamics of pathogens, their reservoirs and transmission routes, the 

phenotype-to-genotype relationships and human predisposition to disease, which will 

ultimately permit the development of new diagnostics, vaccines and therapies for 

treatment of infectious diseases. 
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Supplementary Table 1. Details of Staphylococcus spp. isolates used in this study. 

This table can be found at: http://dx.doi.org/10.7488/ds/2330. 

Citation: Bacigalupe, Rodrigo; Fitzgerald, Ross. (2018). Details of Staphylococcus spp. 

isolates used in a Staphylococcus aureus Host-Adaptation Study, [dataset]. University of 

Edinburgh. The Roslin Institute. http://dx.doi.org/10.7488/ds/2330.

http://dx.doi.org/10.7488/ds/2330
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Supplementary Table 2. Isolates selected for positive selection analysis. 

 

CC45 Humans 1 CC45 Humans 2 CC45 Humans 3 CC59 Humans 1 

434061 423817 423811 0864N0012 

438615 423818 433081 0864N0014 

4414311 438626 434051 0864N0015 

441433 438674 438612 61223 

4414510 441426 4395311 7229531 

441458 441454 441466 7474263 

613335 443011 441528 7474292 

7068520 446554 7474282 M013 

7229649 6133112 8113456 SA40 

7396285 623614 CA347 SA957 

ST30 Humans 1 ST30 Humans 2 ST30 Humans 3 CC59 Humans 2 

435023 438625 433025 0864N0012 

4386610 441413 4386212 0864N0014 

438662 441421 441411 0864N0015 

438675 441461 4414511 7068522 

441424 441529 4414610 7229531 

441453 458473 613311 7474263 

443015 613318 613316 7474292 

613315 7396260 7065830 M013 

613334 8113481 8113425 SA40 

MRSA252 8728565 8113466 SA957 

CC5 Humans 1 CC5 Humans 2 CC5 Humans 3 ST239 Humans 1 

433027 16035 18583 434063 

434054 435018 433024 434064 

4350112 4350211 433026 6133212 

435011 438617 433083 613332 

438687 4386510 435027 7065864 

4395211 438673 441415 Bmb9393 

441412 439527 613314 JKD6008 

441428 6133110 6236111 T0131 

441457 613319 7229516 TW20 

4415311 JH1 JH9 Z172 

CC15 Humans 1 CC15 Humans 2 CC15 Humans 3 ST239 Humans 2 

435075 4350210 4350111 434063 

441435 435024 438618 434064 

4414612 435075 438683 438669 

441469 441436 439523 612111 

441522 441451 441431 6133212 

443017 443012 441469 613332 

443028 6133211 441522 7065864 

623616 613331 441526 Bmb9393 

7229330 7229329 613321 T0131 

7229695 7229695 7068523 TW20 
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CC22 Humans 1 CC22 Humans 2 CC22 Humans 3 ST239 Humans 3 

438658 4340512 4386710 434063 

438672 4386811 4386711 434064 

441423 439521 4386712 6133212 

441524 439525 4395210 613332 

441537 441455 441523 7065864 

443019 4415212 441531 Bmb9393 

443025 441533 441534 JKD6008 

6236110 4430111 441535 T0131 

7065844 458471 443022 TW20 

8113592 7068517 613313 Z172 

ST8 Humans 1 ST8 Humans 2 ST8 Humans 3 CC12 Humans 

423816 433023 4238111 0864N0092 

4330811 435019 423814 441418 

433089 4386211 434066 441452 

434062 4386512 443029 443024 

438656 438657 4465510 623619 

446552 4386611 789385 7229312 

7229483 438665 8113414 7229488 

7396136 7229692 8113435 7229536 

8113414 7893810 8113529 8113449 

Newman COL 8113575 8113487 

CC151 Cows 1 CC151 Cows 2 973N0083 CC133 Ruminants 1 

7068527 7068527 CC151 Cows 3 61233 

7068529 7068529 10900259 61240 

7068538 7068531 7068529 61243 

973N0058 7068538 7068531 61248 

973N0061 973N0061 7068538 61249 

973N0062 973N0062 973N0061 61252 

973N0068 973N0068 973N0062 61258 

973N0082 973N0076 973N0068 973N0009 

973N0083 973N0082 973N0076 973N0048 

RF122 973N0083 973N0082 ED133 

CC97 Cows 1 CC97 Cows 2 CC97 Cows 3 CC133 Ruminants 2 

10900246 10900246 52701 61234 

52704 52705 80382 61235 

52710 80379 80386 61237 

7068528 80381 80388 61241 

80382 80383 9119280 61243 

80386 80386 973N0053 61244 

80387 80388 973N0075 61249 

973N0057 CHILE5 CHILE5 61258 

973N0075 CTH54 CTH54 973N0010 

LMA1166B RC7 LMA1166B ED133 
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CC398 Pigs 1 CC398 Pigs 2 CC398 Pigs 3 CC133 Ruminants 3 

973N0044 973N0044 973N0044 61233 

SRR445028 SRR445028 SRR445028 61234 

SRR445034 SRR445034 SRR445034 61235 

SRR445230 SRR445060 SRR445035 61237 

SRR445239 SRR445236 SRR445060 61240 

SRR445265 SRR445239 SRR445236 61243 

SRR445266 SRR445266 SRR445237 973N0009 

SRR445281 SRR445276 SRR445266 973N0010 

SRR445286 SRR445281 SRR445286 973N0054 

SRR445291 SRR445291 SRR445291 ED133 

CC5 Birds 1 CC5 Birds 2 CC5 Birds 3 CC385 Birds 

61267 61267 61267 61263 

61270 61270 61270 61269 

61271 61272 61274 61282 

61274 61280 61280 61283 

61280 61281 61281 61284 

61281 61287 61288 61286 

61287 61288 61289 61290 

61288 61289 61291 8014464 

61289 61291 973N0091 973N0056 

973N0091 973N0091 ED98 CC385 Birds 

Isolates selected for the lineages (CCs or STs) associated with specific hosts. For 

most of them triplicates were selected, sampling without replacement when possible. 

If the number of genomes available for the evolutionary lineage was not enough, two 

replicates without replacement (CC59 Humans) or only 10 isolates (CC385 Birds) 

had to be selected.  
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Supplementary Table 3. Details on the gene products enriched in different host-

species using the k-mer approach in the panGWAS analysis. 

Host Type of element ID Product 

Birds Pathogenicity island 04494 transposon-related protein 

Birds Pathogenicity island 04495 hypothetical protein 

Birds Pathogenicity island 04496 hypothetical protein 

Birds Pathogenicity island 04497 transposon-related protein 

Birds Pathogenicity island 04498 transposon-related protein 

Birds Pathogenicity island 04499 transposon-related protein 

Birds Pathogenicity island 04500 pathogenicity island protein 

Birds Pathogenicity island 04501 phage-like protein 

Birds Pathogenicity island 04502 hypothetical protein 

Birds Pathogenicity island 04503 hypothetical protein 

Birds Pathogenicity island 04504 hypothetical protein 

Birds Pathogenicity island 04505 putative lipoprotein 

Birds Pathogenicity island 04506 transposon-related protein 

Birds Pathogenicity island 04507 hypothetical protein 

Birds Pathogenicity island 04508 hypothetical protein 

Birds Pathogenicity island 04509 hypothetical protein 

Birds Pathogenicity island 04510 transposon-related protein 

Birds Pathogenicity island 04511 transposon-related protein 

Birds Pathogenicity island 04512 transposon-related protein 

Birds Pathogenicity island 04513 ornithine cyclodeaminase 

Birds Pathogenicity island 04514 
caax amino protease family protein; putative 

membrane  

Birds Pathogenicity island 04515 hypothetical protein 

Birds Pathogenicity island 04516 Helix-turn-helix domain 

Birds Pathogenicity island 04517 hypothetical protein 

Birds Pathogenicity island 04518 putative phage primase 

Birds Pathogenicity island 04519 putative phage DNA polymerase 

Birds Pathogenicity island 04520 hypothetical protein 

Birds Pathogenicity island 04522 Zn-dependent hydrolase 

Birds Pathogenicity island 04523 phi PVL orf 39-like protein 

Birds Pathogenicity island 04524 hypothetical protein 

Birds Pathogenicity island 04525 hypothetical protein 

Birds Pathogenicity island 04526 hypothetical protein 

Birds Pathogenicity island 04527 hypothetical protein 

Birds Pathogenicity island 04528 hypothetical protein 

Birds Pathogenicity island 04529 hypothetical protein 

Birds Pathogenicity island 04530 phi77 ORF017-like protein 

Birds Pathogenicity island 04531 hypothetical protein 

Birds Pathogenicity island 04532 hypothetical protein 

Birds Pathogenicity island 04533 hypothetical protein 

Birds Pathogenicity island 04534 hypothetical protein 

Birds Pathogenicity island 04535 primase C 1 family protein 

Birds Pathogenicity island 04536 antitoxin HipB 
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Host Type of element ID Product 

Birds Pathogenicity island 04537 hypothetical protein 

Birds Pathogenicity island 04538 staphostatin 

Birds Pathogenicity island 04539 hypothetical protein 

Birds Pathogenicity island 04540 plasmid replication protein 

Birds Pathogenicity island 04541 chromosome partitioning ATPase 

Birds Pathogenicity island 04542 replication protein 

Birds Pathogenicity island 04543 hypothetical protein 

Birds Pathogenicity island 04544 hypothetical protein 

Birds Pathogenicity island 04545 caax amino protease family 

Birds Pathogenicity island 04546 pemK-like family protein 

Birds Pathogenicity island 04547 addiction module antidote 

Birds Pathogenicity island 04548 lysophospholipase 

Birds Pathogenicity island 04549 caax amino protease family 

Birds Bacteriophage 05178 prophage L54a, HNH endonuclease 

Birds Bacteriophage 05179 terminase small subunit 

Birds Bacteriophage 05180 terminase large subunit 

Birds Bacteriophage 05181 prophage L54a, 

Birds Bacteriophage 05182 prophage L54a, Clp protease 

Birds Bacteriophage 05183 bacteriophage capsid protein 

Birds Bacteriophage 05184 prophage L54a, DNA packaging protein 

Birds Bacteriophage 05185 SLT orf 110-like protein 

Birds Bacteriophage 05186 SLT orf 123-like protein 

Birds Bacteriophage 05187 Bacteriophage 

Birds Bacteriophage 05188 prophage L54a, major tail protein 

Birds Bacteriophage 05189 prophage L54a, major tail protein 

Birds Bacteriophage 05190 phiSLT ORF116b-like protein 

Birds Bacteriophage 05191 hypothetical protein 

Birds Bacteriophage 05192 prophage L54a, tail tape measure protein 

Birds Bacteriophage 05193 holin-like protein 

Birds Bacteriophage 05194 SLT orf 527-like protein 

Birds Bacteriophage 05195 phiSLT ORF96-like protein 

Birds Bacteriophage 05196 SLT orf 636-like protein 

Birds Bacteriophage 05197 phiSLT ORF488-like protein 

Birds Bacteriophage 05198 SLT orf 129-like protein 

Birds Bacteriophage 05199 phage-like protein 

Birds Bacteriophage 05200 phi SLT orf 99-like protein 

Birds Bacteriophage 05201 prophage L54a, holing 

Humans Bacteriophage 03599 beta-hemolysin 

Humans Bacteriophage 03600 complement inhibitor SCIN 

Humans Bacteriophage 03601 chemotaxis-inhibiting protein CHIPS 

Humans Bacteriophage 03602 truncated amidase 

Humans Bacteriophage 03603 staphylokinase precursor 

Humans Bacteriophage 03604 CHAP domain-containing protein 

Humans Bacteriophage 03605 phage phi LC3 family holin 

Humans Bacteriophage 03606 enterotoxin P 

Humans Bacteriophage 03607 hypothetical protein 
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Host Type of element ID Product 

Humans Bacteriophage 03608 Bacteriophage 

Humans Bacteriophage 03609 phi PVL ORF 22-like protein 

Humans Bacteriophage 03610 phage protein 

Humans Bacteriophage 03611 phage minor structural protein 

Humans Bacteriophage 03612 phage protein 

Humans Bacteriophage 03613 
TP901 family phage tail tape measure 

protein 

Humans Bacteriophage 03614 phi77 ORF100-like protein 

Humans Bacteriophage 03615 phage protein 

Humans Bacteriophage 03616 phi13 family phage major tail protein 

Humans Bacteriophage 03617 phage protein 

Humans Bacteriophage 03618 phage protein 

Humans Bacteriophage 03619 phage head-tail adaptor 

Humans Bacteriophage 03620 phage protein 

Humans Bacteriophage 03621 phage transcriptional terminator 

Humans Bacteriophage 03622 phi77 ORF006-like protein, capsid protein 

Humans Bacteriophage 03623 peptidase S14 ClpP 

Humans Bacteriophage 03624 Portal protein 

Humans Bacteriophage 03625 phage terminase 

Humans Bacteriophage 03626 phage protein 

Humans Bacteriophage 03627 phage-associated homing endonuclease 

Humans Bacteriophage 03628 phage transcriptional regulator, RinA 

Humans Bacteriophage 03629 phi PVL ORF 60-like protein 

Humans Bacteriophage 03630 transcriptional activator RinB 

Humans Bacteriophage 03631 phage-like protein 

Humans Bacteriophage 03632 phage protein 

Humans Bacteriophage 03633 dUTPase 

Humans Bacteriophage 03634 phi PVL ORF 52-like protein 

Humans Bacteriophage 03635 phage conserved Open Reading Frame 51 

Humans Bacteriophage 03636 phage-like protein 

Humans Bacteriophage 03637 PVL ORF-50 family protein 

Humans Bacteriophage 03638 endodeoxyribonuclease 

Humans Bacteriophage 03639 phage protein 

Humans Bacteriophage 03640 primosome subunit DnaD 

Humans Bacteriophage 03641 single-strand binding protein 

Humans Bacteriophage 03642 phage protein 

Humans Bacteriophage 03643 RecT protein 

Humans Bacteriophage 03644 phiPVL ORF41-like protein 

Humans Bacteriophage 03645 phage protein 

Humans Bacteriophage 03646 phage protein 

Ruminants Superantigens region 02135 putative membrane protein 

Ruminants Superantigens region 02136 
FAD/NAD(P)-binding Rossmann fold 

superfamily protein 

Ruminants Superantigens region 02137 superantigen-like protein 

Ruminants Superantigens region 02138 superantigen-like protein 

Ruminants Superantigens region 02139 superantigen-like protein 

Ruminants Superantigens region 02140 superantigen-like protein 



 

 218 

Host Type of element ID Product 

Ruminants Superantigens region 02141 superantigen-like protein 5 

Ruminants Superantigens region 02142 superantigen-like protein 

Ruminants Superantigens region 02143 superantigen-like protein 

Ruminants Superantigens region 02144 superantigen-like protein 

Ruminants Superantigens region 02145 superantigen-like protein 

Ruminants Superantigens region 02146 
type I restriction-modification system, M 

subunit 

Ruminants Superantigens region 02147 
type I restriction-modification system S 

subunit 

Ruminants Superantigens region 02148 superantigen-like protein 

Ruminants Superantigens region 02149 hypothetical protein 

Ruminants Bacteriophage 04980 prophage L54a, antirepressor 

Ruminants Bacteriophage 04981 hypothetical protein 

Ruminants Bacteriophage 04982 hypothetical protein 

Ruminants Bacteriophage 04983 phi PV83 orf 27-like protein 

Ruminants Bacteriophage 04984 hypothetical protein 

Ruminants Bacteriophage 04985 hypothetical protein 

Ruminants Bacteriophage 04986 hypothetical protein 

Ruminants Bacteriophage 04987 RinA family phage transcriptional regulator 

Ruminants Bacteriophage 04988 small terminase 

Ruminants Bacteriophage 04989 phage terminase large subunit 

Ruminants Bacteriophage 04990 phage-like protein 

Ruminants Bacteriophage 04991 
SPP1 family phage head morphogenesis 

protein 

Ruminants Bacteriophage 04992 hypothetical protein 

Ruminants Bacteriophage 04993 phage-like protein 

Ruminants Bacteriophage 04994 phage-related head protein 

Ruminants Bacteriophage 04995 phi Mu50B-like protein 

Ruminants Bacteriophage 04996 phi Mu50B-like protein 

Ruminants Bacteriophage 04997 phage-like protein 

Ruminants Bacteriophage 04998 HK97 family phage protein 

Ruminants Bacteriophage 04999 phage-like protein 

Ruminants Bacteriophage 05000 TP901-1 family phage major tail protein 

Ruminants Bacteriophage 05001 phage-like protein 

Ruminants Bacteriophage 05002 phage-like protein 

Ruminants Bacteriophage 05003 phage tape measure protein 

Ruminants Bacteriophage 05004 phi ETA orf 54-like protein 

Ruminants Bacteriophage 05005 phage minor structural protein 

Ruminants Bacteriophage 05006 phiETA ORF57-like protein 

Ruminants Bacteriophage 05007 SLT orf 129-like protein 

Ruminants Bacteriophage 05008 phage-related cell wall hydrolase 

Ruminants Bacteriophage 05009 tail fiber 

Ruminants Bacteriophage 05010 phi ETA orf 63-like protein 

Ruminants Bacteriophage 05011 phage phi LC3 family holin 

Ruminants Bacteriophage 05012 N-acetylmuramoyl-L-alanine amidase 

Pangenome identifier (ID).  
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Supplementary Table 4. Details of Staphylococcus aureus isolates used in the experimental evolution study. 

Strain Isolate Clonal lineage Clone Prev. Sheep Sheep  d passaged d in sheep Description 

OV1 OV2093  N315 1    0   original strain 

OV2 OV2096  CH3657 1    0   original strain 

CH3657 OV1903 C1 1 45210 88596 395 74 Human strain in sheep 

CH3657 OV1904 C1 2 45210 88596 395 74 Human strain in sheep 

CH3657 OV1905 C1 3 45210 88596 395 74 Human strain in sheep 

CH3657 OV1918 C211 1 3111 18864 340 74 Human strain in sheep 

CH3657 OV1919 C211 2 3111 18864 340 74 Human strain in sheep 

CH3657 OV1920 C211 3 3111 18864 340 74 Human strain in sheep 

CH3657 OV1933 C212 1 57544 20112 323 74 Human strain in sheep 

CH3657 OV1934 C212 2 57544 20112 323 74 Human strain in sheep 

CH3657 OV1935 C212 3 57544 20112 323 74 Human strain in sheep 

CH3657 OV1923 C221 1 9912 12042 364 74 Human strain in sheep 

CH3657 OV1924 C221 2 9912 12042 364 74 Human strain in sheep 

CH3657 OV1925 C221 3 9912 12042 364 74 Human strain in sheep 

CH3657 OV1928 C221 1 9912 19136 364 74 Human strain in sheep 

CH3657 OV1929 C221 2 9912 19136 364 74 Human strain in sheep 

CH3657 OV1930 C221 3 9912 19136 364 74 Human strain in sheep 

CH3657 OV1938 C3 1 6639 6115 261 74 Human strain in sheep 

CH3657 OV1939 C3 2 6639 6115 261 74 Human strain in sheep 

CH3657 OV1940 C3 3 6639 6115 261 74 Human strain in sheep 

CH3657 OV1948 C410 1 2025 18760 338 74 Human strain in sheep 

CH3657 OV1949 C410 2 2025 18760 338 74 Human strain in sheep 

CH3657 OV1950 C410 3 2025 18760 338 74 Human strain in sheep 

CH3657 OV1953 C421 1 57993 19292 338 74 Human strain in sheep 

CH3657 OV1956 C421 4 57993 19292 338 74 Human strain in sheep 

CH3657 OV1955 C421 3 57993 19292 338 74 Human strain in sheep 
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Strain Isolate Clonal lineage Clone Prev. Sheep Sheep  d passaged d in sheep Description 

CH3657 OV1958 C422 1 57993 65789 338 74 Human strain in sheep 

CH3657 OV1959 C422 2 57993 65789 338 74 Human strain in sheep 

CH3657 OV1960 C422 3 57993 65789 338 74 Human strain in sheep 

N315 OV1963 N111 1 3179 92675 289 74 Human strain in sheep 

N315 OV1964 N111 2 3179 92675 289 74 Human strain in sheep 

N315 OV1965 N111 3 3179 92675 289 74 Human strain in sheep 

N315 OV1978 N1121 1 3685 92697 331 39 Human strain in sheep 

N315 OV1979 N1121 2 3685 92697 331 39 Human strain in sheep 

N315 OV1980 N1121 3 3685 92697 331 39 Human strain in sheep 

N315 OV1983 N1122 1 7259 40792 378 66 Human strain in sheep 

N315 OV1984 N1122 2 7259 40792 378 66 Human strain in sheep 

N315 OV1985 N1122 3 7259 40792 378 66 Human strain in sheep 

N315 OV1988 N121 1 98821 270 402 66 Human strain in sheep 

N315 OV1989 N121 2 98821 270 402 66 Human strain in sheep 

N315 OV1990 N121 3 98821 270 402 66 Human strain in sheep 

N315 OV2045 N122 1 5798 0.2752 370 54 Human strain in sheep 

N315 OV2046 N122 2 5798 0.2752 370 54 Human strain in sheep 

N315 OV2047 N122 3 5798 0.2752 370 54 Human strain in sheep 

N315 OV1993 N21 1 0.5797 23901 333 66 Human strain in sheep 

N315 OV1994 N21 2 0.5797 23901 333 66 Human strain in sheep 

N315 OV1995 N21 3 0.5797 23901 333 66 Human strain in sheep 

N315 OV1998 N222 1 7265 19275 370 66 Human strain in sheep 

N315 OV1999 N222 2 7265 19275 370 66 Human strain in sheep 

N315 OV2000 N222 3 7265 19275 370 66 Human strain in sheep 

CH3657 OV873 C200 1 2479 4965 57 57 Human strain in sheep 

CH3657 OV874 C200 2 2479 4965 57 57 Human strain in sheep 

CH3657 OV875 C200 3 2479 4965 57 57 Human strain in sheep 
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Strain Isolate Clonal lineage Clone Prev. Sheep Sheep  d passaged d in sheep Description 

CH3657 OV2003 C220 1 4965 38619 158 70 Human strain in sheep 

CH3657 OV2004 C220 2 4965 38619 158 70 Human strain in sheep 

CH3657 OV2005 C220 3 4965 38619 158 70 Human strain in sheep 

CH3657 OV2008 C220b 1 38619 3126 228 41 Human strain in sheep 

CH3657 OV2009 C220b 2 38619 3126 228 41 Human strain in sheep 

CH3657 OV2010 C220b 3 38619 3126 228 41 Human strain in sheep 

CH3657 OV858 C400 1 9115 4912 57 57 Human strain in sheep 

CH3657 OV859 C400 2 9115 4912 57 57 Human strain in sheep 

CH3657 OV860 C400 3 9115 4912 57 57 Human strain in sheep 

CH3657 OV2040 C400b 1 4912 38616 158 70 Human strain in sheep 

CH3657 OV2041 C400b 2 4912 38616 158 70 Human strain in sheep 

CH3657 OV2042 C400b 3 4912 38616 158 70 Human strain in sheep 

CH3657 OV2013 C420 1 38616 57993 228 77 Human strain in sheep 

CH3657 OV2014 C420 2 38616 57993 228 77 Human strain in sheep 

CH3657 OV2015 C420 3 38616 57993 228 77 Human strain in sheep 

N315 OV2065 N221 1 68096 0.4503 251 9 Human strain in sheep 

N315 OV2066 N221 2 68096 0.4503 251 9 Human strain in sheep 

N315 OV2067 N221 3 68096 0.4503 251 9 Human strain in sheep 

N315 OV2070 N22 1 0.838 68096 242 84 Human strain in sheep 

N315 OV2071 N22 2 0.838 68096 242 84 Human strain in sheep 

N315 OV2072 N22 3 0.838 68096 242 84 Human strain in sheep 

N315 OV2077   1 Tube 2   120   Lab Growing 

N315 OV2078   2 Tube 2   120   Lab Growing 

N315 OV2079   1 Tube 3   126   Lab Growing 

N315 OV2080   2 Tube 3   126   Lab Growing 

CH3657 OV2081   1 Tube 1   121   Lab Growing 

CH3657 OV2082   2 Tube 1   121   Lab Growing 
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Strain Isolate Clonal lineage Clone Prev. Sheep Sheep  d passaged d in sheep Description 

CH3657 OV2083   1 Tube 2   126   Lab Growing 

CH3657 OV2084   2 Tube 2   126   Lab Growing 

CH3657 OV2085   1 Tube 3   120   Lab Growing 

CH3657 OV2086   2 Tube 3   120   Lab Growing 

 

Days (d), previous (prev.)
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Supplementary Table 5. Details on the infected versus inoculated sheep in every 

passage for the infection experiments with S. aureus strains NCTC 8325 (top) and 

N315 (bottom). 

 

S. aureus NCTC 8325 

1 2 3 4 5 6 

5/8 0/2 - - - - 

5/8 1/2 3/3 1/4 0/2 - 

5/8 1/2 3/3 1/2 1/1 2/2 

5/8 1/4 3/4 0/2 - - 

5/8 1/4 3/4 2/2 2/2 - 

5/8 1/4 3/4 2/2 1/2 - 

5/8 1/4 3/4 1/2 2/2 2/2 

5/8 1/2 2/4 0/2 1/4 - 

5/8 1/2 2/4 2/3 1/2 0/2 

5/8 1/2 2/3 1/2 0/2 - 

5/8 1/2 2/3 2/2 1/2 - 

5/8 1/2 2/3 2/2 2/2 - 

 

 

S. aureus N315 

1 2 3 4 5 6 7 

3/10 1/2 0/3 - - - - 

3/10 1/2 3/3 1/3 2/7 2/2 1/2 

3/10 1/2 3/3 1/3 2/7 2/2 1/2 

3/10 1/2 3/3 2/3 1/3 1/3 - 

3/10 1/2 3/3 2/3 2/4 1/1 1/2 

3/10 1/2 2/3 1/2 2/2 1/3 - 

3/10 1/2 2/3 2/3 1/2 0/2 - 

3/10 1/2 2/3 2/3 2/2 1/2 - 

3/10 1/2 2/3 2/3 2/2 0/2 - 

 

Number of infected sheep (left), number of inoculated sheep (right).   
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Supplementary Table 6. Details of Legionella spp. isolates used in this study. 

Identifier Species/serogroup Date* Source Country Linked to† 

02.4755 L. anisa 24/09/2002 Hot water  Scotland - 

03.5252 L. anisa 12/11/2003 Patient Scotland - 

04.2845 L. longbeachae Sg1 07/06/2004 Patient Scotland - 

06.3325 L. anisa 18/07/2006 Patient Scotland - 

08.1921 L. longbeachae Sg1 01/04/2008 Patient Scotland 08.2077,08.2078 

08.2077 L. longbeachae Sg1 17/04/2008 Compost Scotland 08.1921 

08.2078 L. longbeachae Sg1 31/07/2008 Compost  Scotland 08.1921 

09.5279 L. longbeachae Sg1 20/05/2009 Patient Scotland 09.5470-4 

09.5470-4 L. longbeachae Sg2 02/06/2009 Compost Scotland 09.5279 

09.6863 L. longbeachae Sg1 19/11/2009 Compost Scotland Patient negative 

10.4571 L. longbeachae Sg1 19/03/2010 Patient Scotland Compost negative 

11.3483(3) L. longbeachae Sg1 13/05/2011 Compost Scotland Dundee 

11.3484(1) L. longbeachae Sg1 13/05/2011 Compost Scotland Dundee 

12.4709 L. longbeachae Sg1 18/06/2012 Patient Scotland No compost 

13.8641 L. longbeachae Sg1 18/06/2012 Compost Scotland Strathclyde 

13.8642 New species 18/06/2012 Compost Scotland Strathclyde 

13.8643 L. longbeachae Sg1 18/06/2012 Compost Scotland Strathclyde 

13.8644 L. longbeachae Sg1 18/06/2012 Compost Scotland Strathclyde 

13.8645 L. longbeachae Sg1 18/06/2012 Compost Scotland Strathclyde 

13.8646 L. longbeachae Sg1 18/06/2012 Compost Scotland Strathclyde 

13.4628 L. longbeachae Sg1 26/06/2013 Compost Scotland Dundee-Unsure 

13.4630 L. longbeachae Sg1 26/06/2013 Compost Scotland Dundee-Unsure 

13.5970 L. longbeachae Sg1 23/08/2013 Patient Scotland 13.6038/39 

13.59701 L. longbeachae Sg1 23/08/2013 Patient Scotland 13.6038/39 

13.59702 L. longbeachae Sg1 23/08/2013 Patient Scotland 13.6038/39 

13.59703 L. longbeachae Sg1 23/08/2013 Patient Scotland 13.6038/39 

13.59704 L. longbeachae Sg1 23/08/2013 Patient Scotland 13.6038/39 

13.6038 L. longbeachae Sg1 27/08/2013 Top soil Scotland 13.5970 

13.6121 L. longbeachae Sg1 30/08/2013 Patient Scotland 13.6619/27 

13.61211 L. longbeachae Sg1 30/08/2013 Patient Scotland 13.6619/27 

13.61212 L. longbeachae Sg1 30/08/2013 Patient Scotland 13.6619/27 

13.61214 L. longbeachae Sg1 30/08/2013 Patient Scotland 13.6619/27 

13.6310 L. longbeachae Sg1 06/09/2013 Patient Scotland 13.6762 

13.6314 L. longbeachae Sg1 06/09/2013 Patient Scotland 13.6619 

13.6472 L. longbeachae Sg1 13/09/2013 Patient Scotland No compost 

13.64721 L. longbeachae Sg1 13/09/2013 Patient Scotland No compost 

13.64722 L. longbeachae Sg1 13/09/2013 Patient Scotland No compost 

13.64723 L. longbeachae Sg1 13/09/2013 Patient Scotland No compost 

13.64724 L. longbeachae Sg1 13/09/2013 Patient Scotland No compost 

13.6557 L. longbeachae Sg1 17/09/2013 Patient Scotland No compost 

13.6614 L. longbeachae Sg1 19/09/2013 Compost Scotland - 

13.6619 L. longbeachae Sg1 19/09/2013 Compost Scotland 13.6121 

13.6627 L. longbeachae Sg1 19/09/2013 Compost Scotland 13.6121 

13.6634 L. longbeachae Sg1 20/09/2013 Patient Scotland No compost 
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Identifier Species/serogroup Date* Source Country Linked to† 

13.6762 L. longbeachae Sg1 25/09/2013 Compost Scotland 13.6310 

13.6763 L. longbeachae Sg1 25/09/2013 Compost Scotland Dundee- Unsure 

13.6764 L. longbeachae Sg1 25/09/2013 Compost Scotland Dundee- Unsure 

13.6912 L. longbeachae Sg1 01/10/2013 Compost Scotland Dundee- Unsure 

13.6914 L. longbeachae Sg1 01/10/2013 Compost Scotland Dundee- Unsure 

8702918 L. longbeachae Sg1 29/05/2014 Patient Scotland 870286x 

8702860 L. longbeachae Sg1 07/05/2014 Soil Scotland 8702918 

8702861 L. longbeachae Sg1 08/05/2014 Soil Scotland 8702918 

8702862 L. longbeachae Sg1 09/05/2014 Soil Scotland 8702918 

8702863 L. longbeachae Sg1 10/05/2014 Soil Scotland 8702918 

13.8292 L. anisa 2010 Compost New Zealand 13.8293 

13.8293 L. longbeachae Sg1 2010 Patient New Zealand 13.8292 

13.8294 L. longbeachae Sg1 2004 Patient New Zealand - 

13.8295 New species 2013 Patient New Zealand - 

13.8296 L. longbeachae Sg2 2012 Sump drain New Zealand - 

13.8297 L. longbeachae Sg2 2007 Compost New Zealand 13.8301 

13.8298 L. longbeachae Sg1 1996 Compost New Zealand - 

13.8299 L. longbeachae Sg1 2003 Compost New Zealand - 

13.8300 L. longbeachae Sg2 2011 Compost New Zealand - 

13.8301 L. longbeachae Sg2 2007 Patient New Zealand 13.8297 

Sg2 L. longbeachae Sg2 - - - - 

NSW 150 L. longbeachae Sg1 - Patient Australia - 

C-4E7 L. longbeachae Sg2 - Patient Australia - 

D-4968 L. longbeachae Sg1 - Patient USA - 

ATCC39642 L. longbeachae Sg1 - Patient USA - 

98072 L. longbeachae Sg2 - Patient USA - 

*Date received in the reference laboratory. †Isolates that are linked to each other, as 

patient and cognate compost samples.  
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Legionella longbeachae is the primary cause of legionel-
losis in Australasia and Southeast Asia and an emerging 
pathogen in Europe and the United States; however, our 
understanding of the population diversity of L. longbeachae 
from patient and environmental sources is limited. We ana-
lyzed the genomes of 64 L. longbeachae isolates, of which 
29 were from a cluster of legionellosis cases linked to com-
mercial growing media in Scotland in 2013 and 35 were 
non–outbreak-associated isolates from Scotland and other 
countries. We identified extensive genetic diversity across 
the L. longbeachae species, associated with intraspecies 
and interspecies gene flow, and a wide geographic distri-
bution of closely related genotypes. Of note, we observed 
a highly diverse pool of L. longbeachae genotypes within 
compost samples that precluded the genetic establishment 
of an infection source. These data represent a view of the 
genomic diversity of L. longbeachae that will inform strate-
gies for investigating future outbreaks.

Legionellosis presents as 2 clinically distinct forms: an 
influenza-like illness called Pontiac fever and a severe 

pneumonia known as Legionnaires’ disease (1). In Europe 
and the United States, most legionellosis cases are caused 
by Legionella pneumophila serogroup 1 (1,2); <5% of 
cases are caused by nonpneumophila Legionella spp. (3,4). 
In Australasia, New Zealand, and some countries in Asia, 
infections caused by L. longbeachae occur at comparable 
levels to infections caused by L. pneumophila (5–7). Unlike 
L. pneumophila infections, which are typically linked to ar-
tificial water systems, L. longbeachae infections are associ-
ated with exposure to soil, compost, and potting mixes (8).

The number of legionellosis cases caused by L. long-
beachae is increasing worldwide (7), with a notable rise re-
ported across Europe (9–11). Within the United Kingdom, 
most L. longbeachae infections have been identified in 

Scotland, where 6 cases were diagnosed during 2008–2012 
(12) and another 6 were diagnosed in the summer of 2013 
and represented a singular increased incidence or cluster 
with all patients requiring intensive care hospitalization 
(11). Epidemiologic investigation revealed that most pa-
tients from the 2013 cluster were avid gardeners, and L. 
longbeachae was isolated from respiratory secretions and 
from samples of the growing media they had used for gar-
dening before becoming ill (11,12). However, an investi-
gation into the provenance of the growing media did not 
reveal a single commercial or manufacturing source that 
would suggest a common origin for the L. longbeachae as-
sociated with the outbreak (11).

Molecular typing methods used to discriminate be-
tween L. longbeachae and other Legionella spp. and be-
tween the 2 L. longbeachae serogroups have limited effi-
cacy, and although considerable evidence supports growing 
media as a source for L. longbeachae infections (13,14), 
there is still a lack of genetic evidence for an epidemio-
logic link. Furthermore, a population genomic study in-
volving large numbers of L. pneumophila isolates has been 
conducted (15,16), but the same has not been done for L. 
longbeachae, so the diversity of environmental and patho-
genic genotypes and the relationship between them remains 
unknown for L. longbeachae. To examine the etiology of 
the 2013 cluster of legionellosis cases in Scotland in the 
context of L. longbeachae species diversity, we analyzed 
the genomes of 70 Legionella spp. isolates from 4 countries 
over 18 years.

Materials and Methods

Bacterial Isolates
We sequenced 65 isolates that had previously been iden-
tified as L. longbeachae. These isolates were obtained 
during 1996–2014 from several patients, growing media 
samples (including compost and soil), and a hot water sup-
ply. Of these isolates, 55 were from Scotland (29 from the 
2013 cluster of infections and 26 from other clinical and 
environmental samples) and 10 were from patients and 
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environmental compost samples in New Zealand (online 
Technical Appendix Table, https://wwwnc.cdc.gov/EID/
article/23/5/16-1165-Techapp1.pdf). 

In our analysis, we also included all publicly avail-
able genome sequences for L. longbeachae: L. long-
beachae NSW150 (serogroup 1) and L. longbeachae 
C-4E7 (serogroup 2) isolated from patients in Australia; 
and L. longbeachae D-4968 (serogroup 1), L. longbeachae 
ATCC39642 (serogroup 1), and L. longbeachae 98072 (se-
rogroup 2) isolated from patients in the United States (17–
19). We sequenced multiple isolates (n = 2 to 5) for each 
of 3 patients and their linked growing media samples from 
the 2013 outbreak in Scotland and for 2 additional compost 
samples. The species of all isolates had been determined 
by serotyping or macrophage infectivity potentiator (mip) 
gene sequencing (20,21).

Bacterial Culture, Genomic DNA Isolation, and  
Whole-Genome Sequencing
We cultured Legionella spp. isolates in a microaerophilic and 
humid environment at 37°C on BCYE (buffered charcoal 
yeast extract) agar plates for 48 h. We then picked individual 
colonies from the plates and grew them in ACES-buffered 
yeast extract broth containing Legionella BCYE Growth 
Supplement (Oxoid Ltd., Basingstoke, UK) with shaking at 
37°C for 24–48 h. We extracted genomic DNA from fresh 
cultures by using the QIAGEN DNeasy Blood and Tissue 
Kit (QIAGEN Benelux B.V., Venlo, the Netherlands).

We prepared sequencing libraries by using the Nextera 
XT kit for MiSeq or HiSeq (all from Illumina, San Diego, 
CA, USA) sequencing at Edinburgh Genomics, University 
of Edinburgh (Edinburgh, Scotland, UK). For each isolate, 
one 2 × 250–bp or two 2 × 200–bp paired-end sequencing 
runs were carried out using the MiSeq and HiSeq technolo-
gies, respectively. Raw reads were quality checked using 
FastQC v0.10.1 (22), and primers were trimmed by using 
Cutadapt (23). We used wgsim software (24) to simulate 
sequence reads for publicly available, complete whole-ge-
nome sequences.

Bioinformatic Analysis and Data Deposition
A detailed description of the bioinformatic analyses is 
available in the online Technical Appendix. The sequence 
data for the 65 genomes of Legionella spp. sequenced in 
this study were deposited in the SRA database (accession 
no. PRJEB14754).

Results

Limitations of Current Typing Approaches for  
Legionella spp. Identification
We sequenced 65 isolates obtained from several patients 
and environmental samples over 18 years in different 

countries and previously identified as L. longbeachae. To 
confirm the species identity of the Legionella isolates, we 
constructed a phylogenetic tree that included all Legionella 
type strains for which cultures are available, based on the 
16S rRNA gene sequence (25). We also built phylogenetic 
trees based on the whole-genome content and core-genome 
diversity. For each approach, 64 of the 70 isolates examined 
co-segregated within the L. longbeachae–specific clade, 4 
isolates clustered with Legionella anisa, and 2 belonged to 
a separate clade that was distinct from all known Legio-
nella spp. (Figure 1; online Technical Appendix Figures 1, 
2). The species identities were further supported by deter-
mination of the average nucleotide identity values (online 
Technical Appendix Figure 3), a widely used method for 
bacterial species delineation based on genomic related-
ness (26). Of note, L. anisa is the most common nonpneu-
mophila Legionella spp. in Europe (27–29). In addition, 
L. longbeachae isolates 13.8642 (from a compost sample 
from Scotland) and 13.8295 (from a patient in New Zea-
land) belong to a putative novel Legionella spp. Overall, 
the data indicate that current serotyping methods and mip 
gene sequencing are limited in their capacity to identify L. 
longbeachae to the species level.

To investigate the genetic relatedness of L. long-
beachae strains associated with the 2013 outbreak to tem-
porally and geographically distinct isolates, we constructed 
a core genome–based neighbor-joining tree of the 64 con-
firmed L. longbeachae isolates obtained from 4 countries 
over 18 years (online Technical Appendix Figure 4). This 
phylogenetic tree presents a comet-like pattern, with 2 dis-
tinct clades separated by 9,911 single-nucleotide polymor-
phisms, representing the major serogroups (serogroups 1 
and 2) previously identified for L. longbeachae (20), each 
containing isolates from patient and environmental sam-
ples from different years. In contrast with findings from 
a previous analysis of 2 isolates of L. longbeachae sero-
group 1 (20), we observed a higher diversity among the 
56 isolates within serogroup 1 (online Technical Appendix 
Figures 1, 4); this finding is not unexpected, given the dif-
ference in the number of genomes examined. Nevertheless, 
compared with isolates from the same serogroup in other 
Legionella spp., such as L. pneumophila serogroup 1 (2% 
polymorphism) (20), L. longbeachae serogroup 1 exhibits 
a lower diversity (<0.1% polymorphism). Although se-
rogroup 1 and 2 clades contained isolates from Scotland, 
Australasia, and the United States, 96% of the isolates 
from Scotland (including all of the 2013 outbreak isolates) 
belonged to serogroup 1, suggesting that serogroup 1 may 
be more clinically relevant in Scotland than in some oth-
er countries where L. longbeachae is a more established 
cause of legionellosis. However, analysis of more isolates 
from different countries would be required to investigate 
this observation further.
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Effect of Recombination on L. longbeachae Serogroup 1  
Population Structure
It is established that recombination has played a key role 
in shaping the evolutionary history of L. pneumophila, 
but its effect on L. longbeachae population structure is 
unknown (22,30). This knowledge is critical because for 
highly recombinant bacteria, recombination networks may 
represent evolutionary relationships more explicitly than 
traditional phylogenetic trees. Therefore, we constructed a 
recombination network of all serogroup 1 isolates by using 
the neighbor-net algorithm of SplitsTree4 (31). The resul-
tant network displayed a reticulate topology with an exten-
sive reticulated background from which clusters of isolates 
emerge, supporting an evolutionary history involving re-
combination (p< 0.01 by φ test) (32), followed by clon-
al expansion and subsequent additional recombination 

events among some lineages (online Technical Appendix 
Figure 5). Using BratNextGen (33), we identified a total 
of 94 predicted recombination events affecting more than 
half of the core genome (1.74 Mb of 3.36 Mb) and repre-
senting recent and ancient recombination events of differ-
ent sizes (range 1,350 bp–350 Kbp) distributed across the 
phylogeny (online Technical Appendix Figure 6). Given 
the reported limitation in sensitivity of BratNextGen for 
the identification of all recombination events (34), we also 
used ClonalFrameML (35), an algorithm that uses maxi-
mum likelihood inference to simultaneously detect recom-
bination in bacterial genomes and account for it in phy-
logenetic reconstruction. The estimated average length of 
the recombined fragments was 8,047 bp, and the ratio of 
recombination to mutation was 1.42, indicating a greater 
role for recombination over mutation in the diversification 
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Figure 1. 16S rRNA gene–
based phylogenetic tree of the 
sequenced genomes and all the 
cultured and type Legionella spp. 
strains available in the  
ribosomal database project 
(http://rdp.cme.msu.edu/), as 
accessed in May 2015. Scale 
bar indicates the mean number 
of nucleotide substitutions  
per site.
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of L. longbeachae. This estimate is in accordance with 
early estimates for L. pneumophila based on multiple gene 
sequence data (36), but it is low compared with recent esti-
mates based on whole-genome sequence data [recombina-
tion to mutation ratios of 16.8 (30) or 47.93 (37)]. Differ-
ences in the clonal diversity of Legionella spp. sequence 
datasets used to determine recombination rates could af-
fect the estimates. Reconstruction of the phylogeny after 
removal of all predicted recombinant sequences resulted in 
a tree with largely similar clusters of isolates but with re-
duced branch lengths and variation in the position of nodes 
deep in the phylogeny (Figure 2).

Accessory Genome Analysis Indicates Extensive  
Interspecies and Intraspecies Gene Flow
The extent to which horizontal gene transfer occurs among 
L. longbeachae isolates and between L. longbeachae  

and other Legionella spp. is unknown. In our study, the 
pangenome of L. longbeachae represented by the 56 
serogroup 1 isolates was 6,890 genes, including a core 
genome of 2,574 genes; the average gene content was 
3,558 genes per strain. The accessory genome, which 
included only strain-dependent genes varied from 809 
to 1,155 genes, depending on the strain. A parsimony 
clustering analysis based on the presence or absence of 
all genes classified the isolates in a manner distinct from 
that in a core genome–based maximum-likelihood tree, 
suggesting extensive horizontal gene transfer among L. 
longbeachae isolates (online Technical Appendix Fig-
ures 1, 2). BLAST (https://blast.ncbi.nlm.nih.gov/Blast.
cgi) analysis of all assembled contigs was used to filter 
for plasmid-related homologous sequences, revealed 2 
major plasmids: pLLO, described previously in L. long-
beachae NSW150 (20), and pLELO, originally identified  
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Figure 2. Core genome–based maximum-likelihood phylogeny of Legionella longbeachae serogroup 1 isolates corrected for 
recombination; source, country, year of isolation, relatedness and plasmid carriage are indicated. Related isolates are shown in the 
same color; those from the 2013 outbreak are indicated by gray. Isolates from the same patient are clustered together but do not co-
segregate with cognate compost samples. Scale bar indicates the mean number of nucleotide substitutions per site.
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in L. pneumophila subsp. pneumophila (22). Of the 55 se-
rogroup 1 isolates, 36 contained sequences for the pLLO 
and pLELO plasmids. Of note, the distribution of these 
plasmids among the L. longbeachae isolates correlated 
with the gene content–based clustering, whereas the dis-
tribution of plasmids in the core genome–based tree was 
independent of the phylogeny (Figure 2). In addition, 11 
isolates appeared to contain plasmids with sequences ho-
mologous to those for pLLO and pLELO, which is in-
dicative of recombinant forms of the plasmid. Further 
examination of plasmid diversity using a modified ver-
sion of PLACNET (38), a program enabling reconstruc-
tion of plasmids from whole-genome sequence datasets, 
confirmed that some plasmids consisted of a mosaic of 
recombinant fragments homologous to pLELO, pLLO, or 
other unknown plasmids (Figure 3). Overall, these data 
indicate the high prevalence of specific plasmids among 
L. longbeachae isolates and reveal extensive recombina-
tion and horizontal gene transfer among different Legi-
onella spp (39). The high prevalence of plasmids in L. 
longbeachae is notable, considering these elements may 
be less common in L. pneumophila (30).

To examine the possibility that clinical and envi-
ronmental isolates of L. longbeachae contained genomic  

differences reflecting their distinct origins, we compared 
their accessory genome content. For isolates obtained from 
a single patient sample, the accessory genome was highly 
conserved compared with those for environmental isolates 
from a single compost sample or closely related environ-
mental isolates from distinct compost samples (Figure 4, 
panel A). In addition, considering the average gene content 
of all sequenced isolates (28 clinical and 27 environmen-
tal), the gene content for L. longbeachae from growing 
media samples (3,586 genes) was significantly higher than 
that for isolates from patients (3,533 genes; 2-sample t-test, 
t = 2.5213; d.f. = 53; p = 0.01474) (Figure 4, panel B). The 
data imply that gene loss occurs during human infection or 
that L. longbeachae strains with reduced gene content have 
enhanced human infectivity. However, we did not identify 
a specific enriched gene or functional category in clinical or 
environmental samples (data not shown).

Source Attribution Confounded by Complex  
Serogroup 1 Populations within Environmental Samples
Having accounted for the influence of recombination on the 
phylogeny of L. longbeachae, we investigated the diversity  
of isolates associated with 5 patients and their linked 
compost samples obtained during 2008–2014, including  
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Figure 3. Legionella longbeachae plasmid analysis: contigs networks reconstructions for 6 representative L. longbeachae types of 
plasmid content. The networks of the contigs representing the main chromosome and plasmids comprising the genome obtained by 
using PLACNET (38), a program enabling reconstruction of plasmids from whole-genome sequence datasets. The sizes of the contig 
nodes (in gray) are proportional to their lengths; continuous lines correspond to scaffold links. Dashed lines represent BLAST  
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) hits to the L. longbeachae (blue) or L. pneumophila (red) strains; intensity of the line is 
proportional to the hit (white indicates low, black indicates high). Green lines correspond to plasmid contigs. Background colors indicate 
species relatedness for the main chromosome and plasmids (blue for L. longbeachae, red for L. pneumophila, pink for a combination of 
both, and yellow for previously unidentified genomic content).
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3 patients from the 2013 outbreak in Scotland. Of note, 
isolates from the 2013 outbreak were distributed across 
several subclades of the tree, indicating that the infec-
tions were caused by different strains (Figure 2). How-
ever, all isolates from a single patient clustered together, 
consistent with a monoclonal etiology of each infec-
tion. Of note, for all 5 patients, clinical isolates were 
not closely allied to the environmental isolates obtained 
from linked compost samples, and therefore a genetic 
link between patient and compost samples could not be 
established. Most subclades included isolates of diverse 
geographic origin, consistent with a wide distribution 
for L. longbeachae strains; however, 3 L. longbeachae 
isolates originating from Australasia (strains 13.8294, 
13.8293, and NSW150) belonged to their own region-
specific cluster (Figure 2).

We hypothesized that the lack of genetic relatedness 
between L. longbeachae isolates from patients and linked 
compost samples could be explained by a highly diverse 
population of L. longbeachae in growing media samples 
compounded by a sampling strategy consisting of a sin-
gle sequenced isolate. All 5 compost samples for which 
we had >1 isolate contained isolates distributed across  
multiple clades in the phylogenetic tree. In particular, 5 iso-
lates from the same growing media sample linked to a pa-
tient infected in Edinburgh in 2014 were distributed across 
4 distinct clades, demonstrating that within a single envi-
ronmental sample, considerable species diversity may be 
represented (Figure 2). Taken together, these data suggest 
that for future outbreak investigations, extensive sampling 
of environmental samples may be required to identify gen-
otypes responsible for episodes of legionellosis infection, if 
indeed they are present.

Discussion
Our findings reveal the population genomic structure for 
L. longbeachae, an emerging pathogen in Europe and 

the United States, and includes a genome-scale investi-
gation into an outbreak of L. longbeachae legionellosis. 
We provide evidence for extensive recombination and lat-
eral gene transfer among L. longbeachae, including the 
presence of widely distributed mosaic plasmids that have 
likely recombined with plasmids from other Legionella 
spp., suggesting an ecologic overlap or shared habitat. 
Our analysis highlights the need to account for recombi-
nation events when determining the genetic relatedness of 
L. longbeachae isolates.

Our application of whole-genome sequencing for di-
agnostic purposes revealed the misidentification, using 
current serotyping methods, of several L. anisa isolates as 
L. longbeachae and led to the identification of a putative 
novel Legionella sp. linked to legionellosis. These findings 
highlight the limitations of current typing methods for dif-
ferentiation of Legionella spp. and accurate identification 
of legionellosis etiology.

We used whole-genome sequencing to attempt to 
establish a genetic link between legionellosis infections 
and associated compost samples. Our inability to estab-
lish a link probably reflects the traditional strategy of 
single isolate sampling, which when applied to a highly 
diverse pool of L. longbeachae genotypes fails to detect 
the infecting genotype. We suggest that the approach 
to investigating the source of future legionellosis cases 
linked to growing media will require a radical revision 
of sampling protocols to maximize the chances of isolat-
ing the infecting strain, if present. Taken together, our 
findings provide a view of the population structure of 
L. longbeachae and highlight the complexities of trac-
ing the origin of legionellosis associated with growing 
media. Overall, our findings demonstrate the resolution 
afforded by whole-genome sequencing for understand-
ing the biology underpinning legionellosis and provide 
information that should be considered for future epide-
miologic investigations.
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Figure 4. Variation in 
gene content between 
environmental and patient 
Legionella longbeachae 
samples. A) Increase in 
pangenome size with every 
addition of a L. longbeachae 
genome. Environmental 
isolates pangenomes (green) 
are larger and continue 
increasing after the addition 
of 5 genomes, consistent with 
an open pangenome, but the 
within-patient pangenome 
plateaus quickly, consistent 
with a more closed pangenome. B) Average gene content of environmental isolates is significantly higher than that of clinical 
isolates (p = 0.01474).
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