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Abstract 

The advent of whole-genome sequencing (WGS) has provided powerful insights into 

bacterial evolution, and greatly facilitated the surveillance and management of human and 

animal pathogens. The application of this technology to aquaculture will become more 

critical as the industry continues to grow. In this thesis, I describe and analyse novel WGS 

datasets for 4 pathogenic Vibrio species of importance to aquaculture: specifically V. 

anguillarum, its close relative V. ordalii, V. aestuarianus (a pathogen of oysters) and 

representatives of the V. splendidus species complex.  

In chapters 2 and 3, I describe the genomic diversity within the population of V. anguillarum. 

I identify thirty-seven lineages within the population, six of which have been sequenced 

multiple times and likely represent important lineages to the aquaculture industry. In addition, 

I uncover multiple novel large recombination events that have shaped the evolution of 

specific lineages. Lastly, I explore lipopolysaccharide and exopolysaccharide biosynthesis 

genomic islands that are linked to serotype switching events.  

In chapter 4, I examine strains of V. aestuarianus and the V. splendidus species complex 

isolated from outbreaks of oyster mortality across Ireland. This revealed that V. aestuarianus 

isolates detected in Ireland were closely related to two clades previously described in France. 

Isolates from the V. splendidus species complex were highly dissimilar, with the exception of 

a small clonal group that was observed in 2009. 

Lastly, chapter 5 combines genomic datasets from previous chapters to study gene content 

variation in the V. anguillarum species complex which comprises of V. anguillarum, V. 

aestuarianus and V. ordalii. This included an evaluation of the application of the pangenome 

concept to RNA loci and intergenic regions. In addition, this chapter showed that an isolate 

thought to be intermediate to V. ordalii and V. anguillarum likely represents a pool of more 

diverse V. anguillarum strains.  
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THE VIBRIO GENUS 

Vibrio is a genus of ubiquitous aquatic bacteria belonging to the family Vibrionaceae. These 

species are Gram-negative, rod-shaped bacteria usually found exhibiting a slight curve and 

polar flagella. So far, over 100 species of Vibrio have been classified (Sawabe et al., 2013). 

Most have been organised into distinct species clades or complexes. For example, V. 

splendidus currently comprises seventeen separate species, the largest complex discovered so 

far (Pérez-Cataluña et al., 2016). Vibrio species are widely distributed across marine and 

brackish environments, displaying a broad range of ecological strategies (Urakawa and 

Rivera, 2006). Most species replicate quickly and are easily culturable. Species preferences 

for different environments ranging from brackish waters to deep pelagic waters largely 

depend on their affinity to various salt conditions and temperature ranges (Figure 1.1). These 

are heterotrophic bacteria that can usually survive in a free-living state but are frequently 

found associated with plankton (Sochard et al., 1979; Huq et al., 1983; Huq et al., 1984; Huq 

et al., 2005; Turner et al., 2009). In general, the ecological dynamics of Vibrio depend 

significantly on temperature, salinity, plankton composition and dissolved oxygen levels 

(Turner et al., 2009). 
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Figure 1.1: Distribution of Vibrio species across habitats. 

Taken from (Urakawa and Rivera, 2006). Representative species from six habitats are 

labelled. A diagram of a Vibrio cell with monotrichous polar flagella is shown. 

Pathogenic Vibrios 

While some species associate freely with marine animals, in some instances forming close 

symbiotic relationships, many have developed pathogenic lifestyles (Nishiguchi and Nair, 

2003). Multiple Vibrio species have evolved to infect humans, mainly through the 

consumption of marine animals, contaminated drinking water, or contaminated wounds. 

Disease caused by Vibrio can be referred to as “vibriosis”. 

One of the first bacteria ever to be cultured was V. cholerae by Filippo Pacini in 1854. He 

referred to the small particles he observed as vibrions which is where the name Vibrio 

originated (Pacini, 1854; Hugh, 1964; Lippi and Gotuzzo, 2014). In that same year, John 

Snow, widely considered as the father of modern epidemiology, traced a deadly disease now 

known to be cholera back to a public well in London’s Soho district. V. cholerae is perhaps 

the most well-known member of the Vibrio genus since it causes a diarrhoeal disease that can 

be lethal if untreated. In recent history, there have been seven documented pandemics of V. 

cholerae starting in 1817 (Morris, 2011). The seventh pandemic, which originated in 1961 in 
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Indonesia, is still ongoing and has been causing 1.3 to 4 million cases per year (Hu et al., 

2016; Ganesan et al., 2020) 

Many other Vibrio species are also known to significantly impact human health, including 

three major pathogens V. vulnificus, V. alginolyticus and V. parahaemolyticus (Baker-Austin 

et al., 2018). V. vulnificus is responsible for the most serious infections in humans among 

Vibrio (Jones and Oliver, 2009). This species can cause septicemia and is the leading cause of 

seafood-related deaths. In addition, wound infections can lead to necrotising fasciitis – a 

flesh-eating disease. V. parahaemolyticus is a leading cause of seafood-related infections 

worldwide. V. alginolyticus is an emerging pathogen in humans which like V. vulnificus 

causes disease either through wound infections or through contaminated seafood 

consumption (Dong et al., 2020) 

The study of Vibrio species has become especially important since climate change has been 

linked to the increased risk of Vibrio pathogens (Le Roux et al., 2015). Since many of these 

species' growth conditions depend on temperature and salinity, widespread changes in sea 

temperatures and salt concentrations have led to increased reported Vibrio infections (Baker-

Austin et al., 2013; Vezzulli et al., 2016; Froelich and Daines, 2020). It has been suggested 

that monitoring the emergence of these pathogenic Vibrios can be used as an indicator of 

fluctuations in the marine environment (Baker-Austin et al., 2017). Importantly, many of 

these Vibrio species experiencing shifts in their abundance due to changes in sea 

temperatures are associated with disease in aquaculture settings, including the human 

pathogens V. alginolyticus, V. parahaemolyticus and V. vulnificus (Green et al., 2019). 
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DISEASE AS A MAJOR BARRIER TO THE EXPANSION AND 

SUSTAINABILITY OF AQUACULTURE 

Aquaculture, the implementation of farming techniques to cultivate aquatic organisms, has 

expanded rapidly in the last 30 years. The demand for marine and freshwater protein sources 

is rising with our growing global population, which the stagnating capture fishery outputs 

cannot meet. Thus, aquaculture has been touted as a sustainable method that can meet global 

marketplaces’ demand, taking some of the pressure off our ocean ecosystems while providing 

alternative incomes for people. Aquaculture is projected to overtake capture fisheries in total 

tonnes of seafood produced by the year 2024 (FAO, 2018; OECD/FAO, 2020). However, 

there are multiple factors currently limiting the sustainable development of the aquaculture 

sector, one of which is the impact of infectious diseases. 

Vibrios as Aquaculture Pathogens 

Intensive aquaculture practices, like any form of farming, are vulnerable to disease. A 

multitude of viruses, parasites, fungal and bacterial diseases have plagued fish farming since 

its inception. Vibriosis has been implicated in mortality for many cultured marine organisms 

(Paillard et al., 2004; Toranzo et al., 2005). Shrimp farming, for example, is associated with 

infections from multiple Vibrio species, including V. parahaemolyticus, V. harveyi, V. 

campbellii, and V. splendidus. Infectious disease constitutes a major bottleneck to the mollusc 

aquaculture, and many Vibrio species have been implicated in outbreaks, including several 

members of the V. splendidus and V. harveyi species complexes (Paillard et al., 2004; 

Romalde et al., 2014; Travers et al., 2015). Numerous novel Vibrio species have been 

identified by examining bivalve diseases, including V. aestuarianus, which is an emerging 

threat to the oyster industry (Garnier et al., 2007; Garnier et al., 2008). In many cases, 

instances of mortality are accompanied by the presence of more than one pathogen, indicating 

that multispecies infections may be important in oyster disease (Garnier et al., 2007; Lasa et 

al., 2019; Lemire et al., 2015). Finfish have long been known to suffer from vibriosis, the 

most well known culprit of which is V. anguillarum (Frans et al., 2011; Crosa et al., 2014). 

Other species such as V. vulnificus have more recently emerged as a key finfish pathogens, 

with this species being a significant pathogen affecting eel production (Tison et al., 1982; 

Fouz et al., 2007; Amaro et al., 2015). 

Here we have focused on two species complexes of Vibrio heavily associated with 

aquaculture disease: V. anguillarum and V. splendidus.  
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The V. anguillarum and V. splendidus species complexes  

The V. anguillarum species complex is currently comprised of three species: V. anguillarum, 

V. ordalii and V. aestuarianus. Each of these species are major pathogens within aquaculture 

settings. 

V. anguillarum is one of the most extensively studied Vibrio aquaculture pathogens (Naka 

and Crosa, 2011). First recognised in eels, this species has now been identified in around 50 

different finfish species (Bergman, 1909). The Salmon industry has been particularly 

devastated by V. anguillarum associated mortality (Crosa et al., 2014). Other significant 

aquaculture species affected include rainbow trout (Oncorhynchus mykiss), cod (Gadus 

morhua), and eel (Anguilla anguilla). Mortality events in fish farms associated with V. 

anguillarum are severe and contribute to considerable economic losses. Infections are 

characterised by haemorrhagic septicaemia and can be first recognised through skin lesions 

and ulcers (Frans et al., 2011; Crosa et al., 2014). Major contributors to pathogenicity are 

haemolysins which release haem, along with siderophores which facilitate iron uptake. Many 

strains associated with disease harbour a 65-Kb plasmid – pJM1 – harbouring an efficient 

iron-uptake anguibactin siderophore system, while other strains rely on a chromosomally 

encoded vanchrobactin siderophore (Naka et al., 2011; Naka et al., 2013; Balado et al., 2018). 

This species is highly diverse (Figure 1.2), with over 23 serotypes characterised (Sørensen 

and Larsen, 1986; Pedersen et al., 1999; Larsen et al., 1994; Austin et al., 1995; Austin et al., 

1997). However, three serotypes O1, O2 and O3, are most strongly associated with 

pathogenicity. Currently, prevention strategies for V. anguillarum include multiple vaccines. 

While these have been mostly successful, outbreaks are still observed in vaccinated fish, 

vaccines are not available under all conditions, and some serotypes are not included under 

current vaccine programs (Mikkelsen et al., 2004; Mikkelsen et al., 2007; Marana et al., 

2019). 

V. ordalii was first known as atypical V. anguillarum and later V. anguillarum biotype II. In 

1981 it was designated as a separate species, based on clear phenotypic differences and DNA 

analysis (Schiewe et al., 1981). V. ordalii is primarily known as a causative agent of vibriosis 

in Salmonid species (Frans et al., 2011). Recent studies have recovered both V. anguillarum 

and V. ordalii from lumpfish, an important cleaner fish that has been targeted and developed 

as a solution for tackling sea lice in Salmonid farming (Vasquez et al., 2020; Erkinharju et al., 

2021). Infections caused by V. ordalii have very different characteristics than V. anguillarum. 
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While V. anguillarum causes bacteraemia at an early stage of infection, V. ordalii is present 

at low levels in the blood at this stage. Histopathology studies have highlighted the different 

routes of tissue infections taken by these two pathogens (Ransom et al., 1984). It has been 

suggested that V. ordalii is adapting to become an intracellular pathogen, an argument 

strengthened by evidence of it’s ability to act in a facultative intracellular manner (Avendaño-

Herrera et al., 2019). One of the most striking differences between V. anguillarum and V. 

ordalii is the size of the V. ordalii genome. Naka et al. (2011) found that the V. ordalii 

genome is approximately 30% smaller than V. anguillarum. This phenomenon may also be 

explained by adaptation towards intracellular behaviours since genome reduction is 

commonly associated with obligate intracellular pathogenicity (Andersson and Andersson, 

2001; Moran, 2002; Sakharkar et al., 2004). Our understanding of V. ordalii survival in the 

environment is limited. However, some genetic determinant and phenotypic studies have 

indicated that survival outside of the fish host may rely on the formation of biofilm (Naka et 

al., 2011; Ruiz et al., 2016). While it has been established using multiple methods that V. 

anguillarum is a diverse species, the extent of variation within the V. ordalii species is 

currently unknown (Figure 1.2). 

 

Figure 1.2: Phylogeny of two closely related species, V. anguillarum and V. ordalii 

Figure is taken from (Steinum et al., 2016). A phylogenetic tree of isolates from closely 

related species V. anguillarum and V. ordalii based on a concatenated sequence alignment of 

MLSA gene sequences is shown. Isolates phenotypically characterised as V. anguillarum are 

shown in green, V. ordalii in red and environmentally strains identified previously as V. 

ordalii are circled in blue. Three individual lineages within the V. anguillarum species are 

condensed in the tree and represented by coloured dots. Isolates FF-167, NVI 5286 and NVI 

5918 have been described as taxonomically ambiguous. 
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Oyster production has been severely limited by mortality events, many of which are linked to 

infectious diseases (Botta et al., 2020). While these events, often referred to as “summer 

mortality syndrome”, have a complex etiology and can be influenced by multiple biotic and 

abiotic factors, the role of Vibrio species is increasingly being examined. Two species 

regularly recovered in summer mortality syndrome events include V. aestuarianus and V. 

splendidus (Lacoste et al., 2001; Garnier et al., 2007).    

V. aestuarianus was first described in 1983, where it was found to be associated with oysters, 

crabs and clams (Tison and Seidler, 1983), and since then, this species has had a significant 

impact on oyster farms worldwide (Garnier et al., 2007; Aboubaker et al., 2013). In 

particular,  summer mortality syndrome associated with V. aestuarianus has been frequently 

recorded in France, a major oyster producing country (Aboubaker et al., 2013). In 2008, it 

was suggested that V. aestuarianus is split into two distinct subspecies V. aestuarianus subsp. 

aestuarianus and V. aestuarianus subsp. francensis, where V. aestuarianus subsp. francensis 

encompasses strains constituting the summer mortality syndrome in France, while V. 

aestuarianus subsp. aestuarianus describes strains similar to those first discovered in Oregon 

in the United States (Garnier et al., 2008). Phylogenetic analysis of V. aestuarianus subsp. 

francensis strains isolated in France have shown that oyster mortalities were linked to two 

Clades, A and B, circulating in farms across the country (Figure 1.3) (Goudenège et al., 

2015). Pathogenicity of this species in oysters has been linked to factors such a s a zinc 

metalloprotease Vam which impairs oyster haemocytes, and the regulatory protein VarS  

(Labreuche et al., 2010; Goudenège et al., 2015). 
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Figure 1.3: Phylogeny of 14 V. aestuarianus strains based on 2,866 concatenated core 

genes. 

Figure taken from (Goudenège et al., 2015). Isolates KB19 and 11_U17 were isolated from 

Spain and Italy, respectively. All other strains were isolated in France. Two clades were 

identified in French oysters Clade A, and Clade B. 12_122 was isolated from cockle in 

France. All isolates are labelled by virulence types in oysters Vir +: virulent, Vir –: non-

virulent and int: intermediate. 

The V. splendidus species complex is the largest clade within the Vibrio genus (Sawabe et al., 

2013; Pérez-Cataluña et al., 2016). First described in 1900 as Photobacter splendidus, these 

bacteria were added as members of Vibrio in 1980 (Pérez-Cataluña et al., 2016). Species that 

show high similarity to V. splendidus but are phenotypically distinct have been described as 

V. splendidus-like. These V. splendidus-like strains are now known to be distinct species 

within the V. splendidus clade (Figure 1.4). Both the V. splendidus species and V. splendidus-

like species display high levels of genomic and ecological diversity and are thought to be 

undergoing adaptive radiation (Le Roux et al., 2004; Thompson et al., 2005; Hunt et al., 

2008; Le Roux et al., 2009). That is, adaptation to individual ecological niches within the 

marine environment is allowing for differentiation between groups, and even speciation, is 

prevalent within this clade. V. splendidus species have been recovered in numerous cultured 

bivalve species, and they have been linked to summer mortality syndrome mortality events 

(Lacoste et al., 2001; Gay, Berthe, et al., 2004; Gay, Renault, et al., 2004; Paillard et al., 

2004; Garnier et al., 2007). 
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Figure 1.4: Phylogeny of the V. splendidus species complex. 

Phylogeny of concatenated genes gyrB, pyrH, mreB, rpoD, and recA. The V. splendidus 

species complex is a monophyletic group consisting of 17 known species, each labelled in 

brackets. Figure taken from (Pérez-Cataluña et al., 2016). 

Applying Whole-Genome Sequencing (WGS) to Vibrio Species of Importance to 

Aquaculture  

Whole-genome sequencing (WGS) has revolutionized almost every aspect of microbiological 

sciences. Haemophilus influenzae was the first free-living organism to be fully sequenced in 

1995 (Fleischmann et al., 1995). The advent of next-generation sequencing platforms 

approximately 15 years later provided the means to apply genome sequencing to population 

samples of single species. Previously, the examination of diversity and evolution in bacterial 

populations was restricted to specific genome regions or genes. While multi-locus sequence 

typing (MLST) has facilitated comprehensive scrutiny of the population structures of many 

important Vibrio species (Maiden et al., 1998; González-Escalona et al., 2008; Octavia et al., 

2013; Pérez-Cataluña et al., 2016; Steinum et al., 2016), the falling costs and increasing 

accessibility of whole-genome sequencing is enabling large-scale comparative WGS studies 

to replace these methods (Klemm and Dougan, 2016). At the time of writing, the largest 

collections of Vibrio genomes have been compiled for the significant human pathogens V. 

cholerae and V. parahaemolyticus, with over 1,000 individual genome sequences available 

for each.  

The first Vibrio genome to be sequenced was in V. cholerae in 2000 (Figure 1.5) (Heidelberg 

et al., 2000). All Vibrio genomes are comprised of two chromosomes (Trucksis et al., 1998; 

Yamaichi et al., 1999; Okada et al., 2005). Chromosome one is the larger replicon ranging 

from ~3 to ~4-Mb (Okada et al., 2005), whilst chromosome two is considerably smaller 

(between ~1 and ~2.4-Mb). It has been suggested that it was initially acquired as a plasmid 

which was subsequently retained and integrated into the genome (Lukjancenko and Ussery, 

2014). In 2014 when complete genomes were available for only ten species, an examination 

of core genes across these species found that 1,169 core genes were found on chromosome 

one, whereas chromosome two harboured the remaining 363 (Lukjancenko and Ussery, 

2014). 
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Figure 1.5: The first published Vibrio genome: V. cholerae. 

Two chromosomes of V. cholerae are shown; the largest is chromosome one and the smallest 

chromosome two. Circles from the outside inward indicate 1) protein-coding regions on the 

plus and 2) the minus strand, 3) recently duplicated genes, 4) transposon-related, phage 

related, repeat and virulence genes, 5) significant χ2 values for trinucleotide composition in a 

2,000-bp window 6) percentage GC relative the genome average (GC) 7) tRNAs and 8) 

rRNAs. Figure taken from (Heidelberg et al., 2000). 

The discriminatory power of whole-genome sequencing for epidemiological and evolutionary 

studies means it is a powerful tool for managing pathogens, both of humans and animals 

(Bayliss et al., 2017). Many tools and methods for exploiting these data have been developed 

with great success for bacterial human pathogens (Schürch et al., 2018; Harris et al., 2010). 
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These can be readily adopted and applied to the study of environmental bacteria and 

pathogens of wild and agriculture-associated animals. In the aquaculture industry, whole-

genome sequencing can be used to enhance typing schemes and establish transmission 

capabilities of important virulent strains within common bacterial pathogens (Snow, 2011; 

Brynildsrud et al., 2014; Barnes et al., 2016; Bayliss et al., 2017). These can help to inform 

biocontrol measures and policies and allow for outbreaks to be accurately traced and 

monitored. In addition, these data can be used to explore the evolution of pathogenicity and 

antimicrobial resistance (Snow, 2011). Bayliss et al. (2017) underscored the importance of 

the construction of reference datasets for significant pathogens in order to successfully 

integrate WGS capabilities into the study of bacteria affecting aquaculture.   
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BACTERIAL GENOME DIVERSITY AND EVOLUTION 

Bacterial Genome Evolution 

Bacterial genome evolution relies on two major modes of generating variation. The first 

depends on the occurrence of errors during replication leading to point mutations or insertion 

or deletion events (INDELs). While some of these errors have little effect, some can have 

negative or positive adaptive impacts on the bacterial cell, leading to them eventually being 

purged from the population or rising to fixation, respectively. Many of these mutations have 

no effect, known as neutral mutations, which can also get purged or fixed through a process 

called genetic drift. Successive accumulation of these mutations can allow for lineages to 

diversify in a population, each carrying its own collections of novel mutations. The second 

mode of generating variation bypasses this slow process of accumulating mutations by 

instead acquiring entire DNA segments. This is referred to as recombination. Recombination 

can occur in two ways, either involving replacing a DNA locus with a similar sequence from 

another genome – homologous recombination – or acquiring an entirely new sequence – non-

homologous recombination.  

Population Structure of Bacterial Species 

In order to understand the evolutionary dynamics within a bacterial species, we need to be 

able to determine how their populations are structured. As bacteria reproduce and accumulate 

variants by mutation or recombination, groups can emerge with significant phenotypic or 

genotypic differences. Populations of bacteria can range from highly structured clonal 

populations, where separate highly related groups can be detected, to panmictic populations 

where every strain is equally different (Smith et al., 1993). Clonality occurs due to selection 

acting on variants across the genome, pressuring them to co-occur in a bond known as 

linkage disequilibrium. Panmixia is achieved through high recombination levels breaking 

down these relationships between variants and essentially shuffling them throughout the 

population. Most species fall somewhere between these two extremes along a clonality 

spectrum, depending on the relative rates of recombination and mutation occurring (Smith et 

al., 1993; Shapiro, 2016). Vibrio genomes experience high levels of recombination, and 

species such as V. parahaemolyticus are almost panmictic when clonal groups involved in 

human infections are excluded (Cui et al., 2015; Yang et al., 2019). These clonal groups tend 

to arise within these otherwise highly diverse species due to the acquisition of pathogenic 

genes or variants, triggering epidemic-associated clonal expansions (Shapiro, 2016).  
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Recombination and Large Recombination Events 

One factor that limits the success of homologous and non-homologous recombination 

between strains is the length of an exchanged segment. Large recombination events are 

thought to be rare and unstable (Holt et al., 2015; Comandatore et al., 2019). However, some 

studies have shown that homologous recombination events involving large stretches of DNA 

have occurred, and these may have played an important role in pathogen evolution (Figure 

1.6).  

The first observation of long homologous recombination events occurring in nature was in 

2004 when Robinson & Enright described three events in Staphylococcus aureus involving 

regions between 231-Kb to 555-Kb in length. These regions encompassed 10 to 20 per cent 

of the chromosome of S. aureus (Robinson and Enright, 2004) and led to the emergence of 

three novel sequence types, ST34, ST42 and ST239. ST239 is significantly adapted to the 

hospital environment. Its high transmissibility and multiple resistances led it to it becoming 

the dominant strain of MRSA in 2013 (Li et al., 2018). In 2010, Holden et al. confirmed that 

this lineage arose through the import of a 635-Kb region from ST30 into an ST8 background. 

Methicillin resistance was conferred by a staphylococcal cassette chromosome (SCCmec) 

element type III, which, while located within the replacement acquired from ST30, was likely 

integrated after the large recombination event (Holden et al., 2010). During a large-scale 

WGS survey of S. aureus in Europe, another hybrid strain was detected. An ST15 strain had 

gained a 302-Kb region from ST20, resulting in a novel lineage ST582. This replacement was 

located ~779-Kb from the origin of replication (Aanensen et al., 2016). Until this finding, all 

long recombination events in S. aureus were associated with the origin of replication. Didelot 

and Wilson, while testing the application of ClonalFrameML, a recombination inference tool, 

confirmed the presence of each of these large replacements in the population of S. aureus, 

demonstrating the utility of this tool in detecting recombination events of various lengths 

(Didelot and Wilson, 2015).  

In 2015 two more S. aureus long recombination events were found. Nimmo et al. discovered 

that ST2249, a strain of MRSA associated with disease in Australia, arose as a result of 

recombination between ST239 and ST45 (Nimmo et al., 2015). Meanwhile, Spoor et al. 

uncovered a mosaic replacement that contributed to the emergence of ST71. Importantly, this 

study showed a clear link between these replacement events and adaptation to pathogenicity 

in bovine hosts and identified a capsule switch event. This capsule switch arose by replacing 
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a cap5 locus with a cap8 locus. Thus, long recombination events, while rare, have been 

detected multiple times in S. aureus, in most cases involving the region around the origin of 

replication. Many of the resulting novel sequence types have emerged as significant 

pathogenic strains in clinical and agricultural settings, although the direct impact of these 

replacement events on virulence or host adaptation is not clear in most cases. 

S. aureus is one of four species that have thus far been linked to large replacement events. In 

2010 multiple variable regions were discovered between two otherwise closely related C. 

difficile isolates M68 and CF5, one of which spanned ~300-Kb (He et al., 2010). 

Streptococcus agalactiae is a highly adaptable bacteria capable of pathogenicity in humans 

and animals. In 2008 multiple chromosomal replacements of variable length up to 334-Kb 

were detected in this species, many of which occurred in one region encompassing the 

capsular polysaccharide (CPS) locus (Brochet et al., 2008). Thus, large recombination events 

have a clear role to play in facilitating capsular switching in S. agalactiae. Subsequently, in 

2016 S. agalactiae ST452 was shown to have arisen as a result of recombination between 

ST24 and ST291, spanning 1.08-Mb of the genome and containing the CPS locus (Campisi et 

al., 2016). This facilitated a capsule switch from CPS type III to IV. 

Lastly, multiple publications have described how Klebsiella pneumoniae ST258, a 

widespread nosocomial clone with resistance to carbapenems, has evolved through multiple 

long recombination events. Chen et al. in 2014 discovered that K. pneumoniae 

carbapenemase (KPS) producing lineage ST258 arose through a ~1.1-Mb homologous 

replacement donated by ST442 into an ST11 chromosome background (Chen et al., 2014). 

Subsequent studies clarified that ST258 Clade 1 arose in three stages involving two long 

recombination events and one shorter capsule locus replacement (DeLeo et al., 2014; Bowers 

et al., 2015; Gaiarsa et al., 2015). First, an ST1628 region of 1.3-Mb was donated into a non-

KPC lineage background, leading to the emergence of KPC strain ST11. Then, a 1.1-Mb 

homologous replacement contributed by ST442 into ST11 gave rise to ST238 Clade 2. 

Lastly, a 215-kb region was contributed by ST44 to differentiate ST238 Clades 1 and 2. A 

recent study that examined all recombination events over 100-Kb across a large collection of 

K. pneumoniae genomes showed that large recombination events frequently occur in this 

species. However, it was clear that these events tend to be confined to specific regions of the 

genome and some lineages engage in this mechanism more than others. They argued that 

gene composition is one factor that determines the likelihood of becoming a donor or 
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recipient of these large recombination regions. The primary recipient was ST258, a group that 

is prevalent in hospital infections and, as we have seen, whose evolution has been known to 

have arisen from large recombination events (Chen et al., 2014; Bowers et al., 2015; Gaiarsa 

et al., 2015). 

While major chromosomal replacements have not been described many times, examples have 

only been detected in four species thus far, it remains unclear as to the broader role such 

events play in bacterial evolution. However, within three of these species, multiple 

occurrences of large replacements have been described. Many of these have involved the 

same lineages and have been repeatedly discovered in the same chromosomal locations. In 

addition to these findings, the frequent involvement of capsular loci suggests that 

recombination involving long DNA segments with con-specific donors is a useful mechanism 

for capsule switching in multiple bacterial species (Spoor et al., 2015; Wyres et al., 2015; 

Croucher and Klugman, 2014; Campisi et al., 2016). 
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Figure 1.6: Summary of known large recombination events in bacteria. 

Each large recombination event that has previously been detected in four species of bacteria 

are illustrated. Each circle represents the chromosome of a lineage that has gained a large 
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replacement. Regions within each chromosome are coloured by the putative donor lineage of 

that region. Where possible, these regions of recombination are highlighted using similar 

colours to those used in original papers. Key papers defining donor lineages are cited. In K. 

pneumoniae, replacements leading to ST-11, ST-258 Clade 2 and ST-258 Clade 1 occurred in 

a stepwise manner. Each event involved in this process is numbered from one to three. 

Regions that have been observed to be highly recombined by Comandatore et al. are indicated 

in purple and green. These are overlapping and span the previously observed 1.1-Mb region 

detected by (Chen et al., 2014). Similarly, a highly recombined region spanning the CPS 

region in S. agalactiae is indicated in green. Figure based on (Robinson and Enright, 2004; 

Brochet et al., 2008; He et al., 2010; Holden et al., 2010; Nimmo et al., 2015; Spoor et al., 

2015; Campisi et al., 2016; Comandatore et al., 2019) 
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The Pangenome 

Bacteria have genomes that are small but highly flexible. By efficiently inserting and 

discarding genes to suit the adaptive needs of a lineage, bacteria can maintain streamlined 

genomes. This means that two closely related bacteria, while mostly carrying the same genes, 

could contain many genes that are not shared. On a larger scale, it means that populations or 

species of bacteria can have a huge amount of variation in the genes they are carrying. The 

collective gene content of a population or species is referred to as a pangenome (Tettelin et 

al., 2005; Medini et al., 2005). This concept allows us to consider the complete repertoire of 

genes found in a group of bacteria and can tell us a lot about the ecology and adaptability of 

that group. We can separate genes in a pangenome by how frequently they are detected; 

genes found in almost all isolates sequenced are referred to as core genes, whereas genes not 

detected in every genome are referred to as accessory genes. Thus, the core genome consists 

of genes that are indispensable to that species, and the accessory genome reflects the 

flexibility of that population’s genome.  

Species with small accessory genomes tend to experience less horizontal gene transfer (HGT) 

and have what is referred to as a closed pangenome (Medini et al., 2005). In contrast, species 

with many accessory genes are referred to as having an open pangenome and are highly 

recombinogenic. This pangenome property is reflected in the rate at which new genes can be 

found in a population as new genomes are sequenced. Where the pangenome of a population 

is closed, as more genomes are sequenced, fewer new genes are discovered. Eventually, all of 

the genes in the species pangenome have been found, or the number of novel genes reaches a 

plateau. For many species, however, this point will never be reached. These species with 

highly flexible open pangenomes have a total gene repertoire that could only be fully 

accounted for after sequencing every isolate. The plasticity of gene content described by this 

property indicates the ecological flexibility of the species.  

Tettelin et al. in 2008 applied Heaps’ Law in a bid to determine if a pangenome is open or 

closed based on the genomes available. This law applies power-law statistics to model the 

relationship between the number of new words in a piece of text as more of the text is 

considered. This can be leveraged to consider the number of new genes detected in a 

pangenome as more genomes are added to a dataset. They determined that while the total 

number of distinct genes in the pangenome is described by the exponential function Nγ, 

where N is the number of genomes and γ is the exponent of the power distribution, the 
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number of new genes detected in a pangenome is proportional to N(γ−1) = N−α, with α = 1 – γ. 

By Heap’s Law, where a pangenome is open, α is < 1. A closed pangenome is characterised 

by an α value greater than 1. By fitting power log regression models to pangenome data, and 

determining the appropriate exponential γ, the value α can be estimated. Thus, we can 

determine whether a pangenome is open or closed (Tettelin et al., 2008).  

The pangenome holds a lot of information about the adaptive evolution for a species. Many 

tools have been developed to leverage the growing number of whole-genome sequences of 

bacterial species to access the pangenomes of groups of strains. In general, these tools take 

whole-genome sequences and extract the gene sequences of interest (usually protein-coding 

sequences). These sequences are then clustered based on their homology. The presence or 

absence of each homologous cluster, which is usually analogous to a gene, is determined for 

each bacterial genome in the dataset. Tools usually vary in the approach they take and how 

they define clusters. While programs such as Roary are elegant, scalable, and have served as 

the main workhorses in pan genomic studies, multiple limitations have been identified (Page 

et al., 2015). For example, relying on a single user-defined threshold cut-off to delineate gene 

clusters can result in clusters that may not fall within distinct biologically relevant groups. 

One tool, PIRATE, attempts to account for this by assigning clusters at multiple thresholds 

(Bayliss et al., 2019). By linking defined clusters across each threshold, this tool can define 

gene families, which can subsequently be divided into related alleles. In addition, almost all 

pangenome tools rely on the accurate annotation of genes and intergenic regions, which is a 

complex and error-prone task. Panaroo has recently presented a clever solution to this which 

uses the sequence information surrounding clusters in each genome to account for annotation 

errors that would otherwise contribute to inaccuracies in the pangenome produced (Tonkin-

Hill et al., 2020).  
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Aim of Thesis 

The aims of this thesis are to: 

i. Contribute novel whole-genome sequences for important aquaculture pathogens 

within the genus Vibrio. 

ii. Utilise this comprehensive data to examine the population structure and genome 

evolution of these key species. 

iii. Investigate differences in gene content between related Vibrio species. 

To achieve these aims, novel genome sequences of four species are analysed. The first, V. 

anguillarum, is the longest known Vibrio pathogen in aquaculture settings. Two 

representatives of, V. ordalii, the closest relative of V. anguillarum are also examined. Lastly, 

the genomes of V. aestuarianus, and V. splendidus strains recovered from diseased oysters 

across Ireland are sequenced. 

After greatly increasing the number of available genomes for many of these species, the 

phylogeny and genome evolution of each is explored in detail. Comparisons are made with 

genomes of strains previously isolated from different locations and hosts. 

Finally, to examine genome content diversity between related Vibrio species, I utilise the 

newly compiled genome datasets of V. anguillarum, V. ordalii and V. aestuarianus which 

comprise the V. anguillarum species complex. 



Chapter 2 

36 

 

Chapter 2 
   

 

A Hopeful Sea-Monster: A Very Large Homologous Recombination 

Event Impacting the Core Genome of the Marine Pathogen Vibrio 

anguillarum 
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Commentary text 

This thesis aims to use whole-genome sequencing (WGS) techniques to understand the 

evolution of Vibrio pathogens in aquaculture. Thus, we conducted a study of one of the most 

significant finfish pathogens, Vibrio anguillarum. We compiled a dataset of 105 genomes 

using both publicly accessible and newly sequenced isolates and developed a whole-genome-

based typing scheme for the species using PopPUNK. This study uncovered a significant 

homologous replacement event that has allowed one lineage to split into two. In Chapter 3, 

we expand on specific recombination events impacting the evolution of this species, 

including this long replacement event. 

  

The statement of authorship (Supplementary Form 1) for this paper can be found in the 

Appendix. 
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ABSTRACT 

Vibrio anguillarum is the causative agent of vibriosis in many species important to 

aquaculture. We generated whole-genome sequence (WGS) data on a diverse collection of 64 

V. anguillarum strains, which we supplemented with 41 publicly available genomes to 

produce a combined dataset of 105 strains. These WGS data resolved six major lineages (L1-

L6), and the additional use of multilocus sequence analysis (MLSA) clarified the association 

of L1 with serotype O1 and Salmonidae hosts (salmon/trout), and L2 with serotypes 

O2a/O2b/O2c and Gadidae hosts (cod). Our analysis also revealed a large-scale homologous 

replacement of 526-kb of core genome in an L2 strain from a con-specific donor. Although 

the strains affected by this recombination event are exclusively associated with Gadidae, we 

find no clear genetic evidence that it has played a causal role in host specialism. Whilst it is 

established that Vibrio species freely recombine, to our knowledge, this is the first report of a 

contiguous recombinational replacement of this magnitude in any Vibrio genome. We also 

note a smaller accessory region of high single nucleotide polymorphism (SNP) density and 

gene content variation that contains lipopolysaccharide biosynthesis genes which may play a 

role in determining serotype. 

INTRODUCTION 

In common with many marine Vibrio species, Vibrio anguillarum is a commercially 

important pathogen of fish and shellfish and is the causative agent of vibriosis in over 50 fish 

species worldwide (Frans et al., 2011). Infection is associated with the presence of several 

well-characterised virulence factors, including haemolysins, proteases and iron-uptake 

systems (Frans et al., 2011). The species is divided into at least 20 serotypes (Pedersen et al., 

1999), but vibriosis in fish is predominantly caused by serotypes O1 and O2, and to a lesser 

extent serotype O3. The 20 remaining V. anguillarum serotypes are most probably 

environmental isolates from sediment, plankton or seawater, and these are considered mainly 

to be non-pathogenic (Austin et al., 1995; Austin et al., 1997). Vaccines are available for the 

main disease-causing serotypes O1, O2, and O3, although these do not protect against all O2 

isolates, nor against the 20 other serotypes (Mikkelsen et al., 2007). 

Molecular typing methods have been used to determine the population structure of this 

species and to identify major disease-causing clones. Steinum et al. (2016) developed a 

Multilocus Sequence Analysis (MLSA) scheme based on eight loci and validated this on a 
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diverse sample of 116 isolates of V. anguillarum and the closely related species Vibrio 

ordalii. These data defined major clones within the V. anguillarum population that were 

broadly consistent with serotype. Serotype O2b isolates were notable for being highly 

homogenous and were mostly isolated from Gadidae (cod). V. anguillarum samples have also 

been characterised using whole-genome sequencing (WGS), and these studies have generated 

evidence concerning virulence, population structure and genome diversity (Busschaert et al., 

2015; Castillo et al., 2017; Holm et al., 2018). 

Here, we further explore the population structure and diversity of this species by full genome 

sequencing 64 V. anguillarum isolates from diverse sources. This dataset approximately 

doubles the number of genomes available for this species and was used in combination with 

existing WGS and MLSA data. In addition to providing a robust and more representative 

phylogeny of the species, and the delineation of major lineages, these data also revealed a 

novel large-scale recombination event which has resulted in the homologous replacement of 

526-kb of the core genome of chromosome 1. 

To our knowledge, this is the first report of a large-scale recombination event in Vibrio 

genomes, although ostensibly similar events have been reported in other species, notably 

Klebsiella pneumoniae, Streptococcus agalactiae, and Staphylococcus aureus (Brochet et al., 

2008; Holden et al., 2010; Chen et al., 2014). Whilst the adaptive relevance of such events 

remains mostly unclear, the resulting hybrid strains have been likened to “hopeful monsters” 

(Sheppard et al., 2013; Croucher and Klugman, 2014), a reference to Richard Goldschmidt’s 

non-Darwinian argument that evolution can proceed in “jumps,” brought about by sudden 

large-scale genomic change (Goldschmidt, 1933). Although in most cases rapid and dramatic 

changes to the genome are likely to be deleterious (hence ‘monsters’), occasionally such 

events may be highly adaptive and provide the means to exploit a new niche (hence, 

‘hopeful’). We also describe a smaller region of accessory gene content variation and high 

single nucleotide polymorphism (SNP) density, which shows features consistent with a 

genomic island and likely to be relevant for defining the serotype of the strains. 
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MATERIALS AND METHODS 

DNA Extraction and Sequencing 

[DNA sequencing was conducted by Dr Kerry Bartie from the Institution of Aquaculture at 

the University of Stirling]. 

Sixty-four isolates were selected from the collection held at the Institute of Aquaculture, 

University of Stirling (Austin et al., 1995; Austin et al., 1997). The strains cover a wide range 

of serotypes, geographic regions, host species, and sampling dates. Each isolate was cultured 

from a single colony in 1.5% (w/v) NaCl-supplemented tryptone soya broth (TSB; Oxoid, 

Basingstoke, UK) to late exponential phase (approximately 14 h; 22°C; 150 rpm). Cells in 1 

mL of each culture were collected by centrifugation and the DNA extracted by a salt 

precipitation method (Bartie et al., 2020). Libraries were generated using the Nextera XT kit 

(Illumina) and paired-end sequencing was performed on the Illumina MiSeq platform using a 

V3 kit with read length of 300-bp. Short reads have been deposited in the ENA archive under 

project accession number PRJEB37012. 

Forty-one assemblies available on the NCBI were downloaded and added to the collection. 

References and accessions for each publicly available assembly can be found in the complete 

isolate list given in Supplementary Table S1. 

Mapping, Assembly, Quality Control (QC) 

Raw sequence reads were trimmed using trimmomatic-0.36 (Bolger et al., 2014) with the 

following parameters: (ILLUMINACLIP:PE_All.fasta:2:30:10 SLIDINGWINDOW:4:20 

MINLEN:36 TOPHRED33). Trimmed reads were quality tested using FastQC v0.11.7 

(Andrews, 2010). Assemblies were made using SPAdes v3.11.1 with parameters [-k 

55,77,87,99,107,117,127 –careful –only assembler]. Coverage per contig was calculated 

using BWA and SAMtools v1.8 (Li and Durbin, 2009). Contigs with coverage less than five 

and length less than 500-bp were removed. Assembly annotations were retrieved using 

prokka 1.13 with parameters [–addgenes –centre XXX –mincontiglen 200 –cdsrnaolap] 

(Seemann, 2014). QUAST v4.6.3 was used to assess the quality of assemblies (Gurevich et 

al., 2013). 

A core-genome SNP alignment was created by mapping trimmed reads and publicly available 

assemblies to reference genome ATCC 68554 (775) (Naka et al., 2011) using snippy-3.2-dev 

(Seemann, 2015) (settings: –mincov 10 –mapqual 60 –unmapped). Using an in-house Perl 
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script, low coverage (less than 10X) bases that had been set to the corresponding reference 

base were replaced with an N. Alignments for chromosomes one and two were concatenated. 

Phylogenetic Analysis 

A phylogenetic best-scoring maximum likelihood (ML) tree of this mapping alignment was 

constructed using RAxML 8.2.10 (Stamatakis, 2014) [raxmlHPC-PTHREADS with 

parameters -f a -m GTRGAMMA -p 12345 -x 12345 -# 100]. PhyML version 20160207 was 

used with default parameters to estimate the transition to transversion ratio (kappa) for the 

population alignment (Guindon and Gascuel, 2003). Using this kappa value and the best-

scoring ML tree as a starting tree, we tested for recombination using ClonalFrameML 

(Didelot and Wilson, 2015). First, a standard model analysis was undertaken with parameters 

[-kappa 6.415224 -emsim 100] to estimate the initial values needed. Subsequently, a per-

branch model analysis was run using parameters [-kappa 6.415224 -embrace true -

embranch_dispersion 0.1 -initial_values “0.769622 0.00269074 0.00269074”]. To mask 

regions of recombination in the alignment, clonal_frame_masker.sh was used (Kwong, 2018). 

RAxML was used to infer a new ML tree based on this masked alignment and using the same 

parameters as above. Trees were visualised and midpoint rooted in Figtree (Rambaut, 2016). 

Lineage Assignment 

To assign isolates to lineages we used PopPUNK 1.1.2, which was run using k-mers (15, 19, 

23, 27) (Lees et al., 2019). 

Pangenome Analysis 

We used PIRATE (Bayliss et al., 2019) to build a comprehensive pangenome of the 

population and identify orthologous genes. Analysis of pangenome outputs was conducted 

using R version 3.2.3 (R Core Team, 2015; Wickham et al., 2019). 

In silico Multilocus Sequence Analysis (MLSA) 

To compare the WGS dataset compiled here against a previously assessed MLSA dataset, we 

built a phylogenetic tree adding these WGS isolates to the existing MLSA sequence 

alignment. MLSA allele sequences were extracted from the 105 WGS assemblies using 

orthologs identified by PIRATE corresponding to the MLSA loci used by Steinum et al. 

(2016). One sequence was selected for each isolate that occurs in the MLSA study that has 

subsequently been sequenced. MLSA loci sequences were aligned using MAFFT (Katoh and 

Standley, 2013). Gene alignments were trimmed to the length of corresponding loci using 

seqkit after visualising in SeaView (Gouy et al., 2010; Shen et al., 2016). A concatenated 
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alignment of all eight loci was used to construct a maximum likelihood tree using RAxML 

8.2.10 [raxmlHPC -f a -# 100 -m GTRGAMMA] (Stamatakis, 2014). Individual gene trees 

were generated using FastTree version 2.1.10 (Price et al., 2010). Gene alignments were 

trimmed to the length of corresponding loci using seqkit after visualising in SeaView (Gouy 

et al., 2010; Shen et al., 2016). A concatenated alignment of all eight loci was used to 

construct a maximum likelihood tree using RAxML 8.2.10 [raxmlHPC -f a -# 100 -m 

GTRGAMMA] (Stamatakis, 2014). 

Trees and metadata were visualised using Microreact (Argimón et al., 2016) and can be 

accessed at the following URLs: WGS pre-recombination removal 

https://microreact.org/project/X-2CDGKN1; WGS post-recombination removal 

https://microreact.org/project/F0V23AIZW; MLSA https://microreact.org/project/gjI4aftM1. 

Analysis of Recombination 

All isolates were mapped and variants called against the complete genome of VIB43 (Holm 

et al., 2018) using snippy (Seemann, 2015). A sliding window of single nucleotide 

polymorphism (SNP) density was conducted using an in-house python script with Biopython 

(Cock et al., 2009). The number of SNPs per 1000-bp window was calculated for pairs of 

isolates and visualised in R version 3.2.3 (R Core Team, 2015; Wickham et al., 2019). To 

visualise SNPs against the reference isolate VIB43, we used Artemis (Carver et al., 2012). 

Tabix was used to extract sections of VCF files for more detailed characterisation of SNPs 

(Li, 2011). An in-house python script was used to count synonymous, non-synonymous and 

intergenic SNPs, as identified by SnpEff (Cingolani et al., 2012). For phylogenetic analysis 

of specific regions of the VIB43 genome, sequences were extracted from the whole alignment 

using SeqKit (Shen et al., 2016). RAxML was used to build trees of these sequences 

(Simonsen et al., 2008). To assess the synteny of this region across the species, we aligned 

five complete genomes from across the tree (VIB43, VIB12, M3, JLL237, and 775) using 

ProgressiveMauve (Darling et al., 2010). Artemis comparison tool was used to compare 

complete genomes of VIB43 and 775 (Carver et al., 2005). We visualised gene content 

variation within the localised region of gene content variation using gggenes (Wilkins, 2017). 

BLAST was used to compare sequences with the NCBI nucleotide and protein databases 

(Altschul et al., 1990). All bioinformatics analysis was carried out on a virtual machine 

hosted by MRC-CLIMB (Connor et al., 2016).  
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RESULTS 

Whole-Genome Sequencing and the Combined Database 

We generated short-read paired-end data on the Illumina MiSeq platform for 64 isolates of V. 

anguillarum from archived collections held at the University of Stirling. A summary of the 

QC, mapping, SNP calling and assemblies (see section “Materials and Methods”) is given in 

Supplementary Table S2. The 64 V. anguillarum strains represent diverse serotypes, hosts 

and geographical sources, with the oldest isolate, NCMB 572, isolated from a rainbow trout 

in Japan in 1958, and the most recent, 5240-C2, isolated from a European Bass in Portugal in 

2016. Whilst five of these strains had previously been sequenced, the remaining strains were 

chosen to supplement V. anguillarum genome data already in the public domain 

(Supplementary Table S1). For example, serotype O3 is known to pose a relatively high 

disease burden but, as only four isolates corresponding to this serotype have previously been 

sequenced (three from Chile and one from France (Holm et al., 2018; Castillo et al., 2017), 

we chose a further seven serotype O3 isolates to sequence from Denmark, Italy and Japan. 

The combined dataset of 105 fully sequenced strains of V. anguillarum, including 41 publicly 

available sequences, represent at least 17 host species, 14 serotypes and were isolated from 

North and South America, Europe, Asia and Australia over a 60-year time span (between 

1958 and 2018). These metadata for all 105 WGS strains are available via the Microreact 

project: https://microreact.org/project/X-2CDGKN1. 

We further expanded our analyses through in silico MLSA of the sequenced isolates in order 

to draw comparisons with the data of Steinum et al. (2016), who characterised 110 diverse V. 

anguillarum and six V. ordalii isolates on the basis of eight housekeeping gene sequences. 

After excluding strains that were not clearly V. anguillarum, and those MLSA strains for 

which WGS data was also available, we used MLSA data for 84 additional strains. Metadata 

for all 189 strains (105 WGS plus 84 MLSA) are available via the Microreact project: 

https://microreact.org/project/gjI4aftM1, and summarised in Supplementary Table S1 and 

Figure S1. 

Phylogenetic Analysis, Lineage Assignment and Host Associations 

Figure 2.1A shows a maximum-likelihood phylogenetic tree of the 105 fully sequenced 

strains constructed using RaxML v8.2.10, based on core genome SNPs identified by mapping 

the short reads to reference strain ATCC 68554 (775), as described in the section “Materials 

and Methods.” This tree is free to explore in the Microreact project along with metadata and 

https://www.frontiersin.org/articles/10.3389/fmicb.2020.01430/full#TS2
https://www.frontiersin.org/articles/10.3389/fmicb.2020.01430/full#FS1
https://www.frontiersin.org/articles/10.3389/fmicb.2020.01430/full#FS1
https://www.frontiersin.org/articles/10.3389/fmicb.2020.01430/full#F1
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spatial data: https://microreact.org/project/F0V23AIZW. A bootstrapped version of this tree 

is given in Supplementary Figure S2. We used PopPunk (Lees et al., 2019) to identify 37 

unique lineages, including six major lineages each with a minimum of three isolates 

(Supplementary Figure S3). PopPunk is a recently described K-mer based method for 

bacterial intra-species lineage assignment that incorporates variation in both the core and 

non-core genomes. In order to assess the impact of recombination, and the degree to which 

this has confounded the phylogenetic analysis and lineage assignment, we also analysed the 

data using ClonalFrameML (Didelot and Wilson, 2015), removed blocks of recombination, 

and then reconstructed the tree (see section “Materials and Methods”). Recombination events 

identified by ClonalFrameML are shown in Supplementary Figure S4. Comparisons of the 

trees before and after the removal of recombination are given in Supplementary Figure S5, 

and the tree constructed after the removal of recombination can be explored via the 

Microreact project https://microreact.org/project/F0V23AIZW. 
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Figure 2.1. Phylogeny and metadata summary of 105 Vibrio anguillarum isolates 

highlighting major lineages.  

(A) Maximum-Likelihood phylogeny of 105 Vibrio anguillarum strains constructed using 

core SNPs mapped to the reference genome ATCC 68554 (775). The colours of the terminal 

nodes correspond to the six major lineages, identified by PopPUNK containing a minimum of 

three strains. Strains from the 31 minor lineages are all shown in white. Blocks of 

recombination have not been removed prior to reconstruction of this tree.  

(B) The proportion of isolates belonging to each major lineage according to geographical 

source. Pie charts are weighted by number of isolates.  

(C) Bar graphs indicate the number of isolates found with each serotype and host / 

environmental source. Hosts are grouped both by species and by family. 
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Although the removal of recombination does not alter the delineation of the lineages, this 

procedure does alter branch lengths and changes the relationships between the lineages. We 

note that the branch leading to L1 has not been so clearly truncated by the removal of 

recombination, indicating that recombination may not have impacted as much on this lineage 

as the others. 

Approximately one-third of the WGS isolates (36 of 105) correspond to a single major 

lineage, L1, and these isolates are predominantly serotype O1 strains (Figure 2.1C). Although 

most O1 isolates correspond to L1, there are exceptions such as the O1 isolate VIB43 which 

corresponds to L2 (Figure 2.1C), and four distantly related isolates (90-11-286, JLL237, S3 

4/9, S2 2/9). These O1 isolates that do not correspond to L1 may reflect serotype switching, a 

phenomenon that is frequently associated with recombination. The next most common 

serotype is O3, which is associated with lineage L3. In contrast, lineages L2 and L4 are 

associated with multiple serotypes, indicating frequent serotype switching. No clear 

geographical or temporal patterns are discerned with respect to the distribution of these 

different lineages (Figure 2.1B and Supplementary Figure S6). There is some indication that 

L3 is mostly prevalent in Europe, but this group is represented by only seven European 

isolates (from Denmark, France and Italy) and only one non-European isolate (from Japan). 

There are also hints in these data that different lineages might be associated with different 

hosts (Figure 2.1C). For example, L1 tends to be associated with Salmonidae and Moronidae 

(bass), whereas strains isolated from Gadidae (cod) are only found in major lineages L2 and 

L4, and some minor lineages. An examination of the subtree for L1 (with recombination 

removed) also pointed to the possibility of host association (Supplementary Figure S7). For 

example, L1 sub-lineages are evident that are associated with Salmonidae hosts, such as the 

cluster of related isolates associated with rainbow trout indicated by the curly red bracket in 

Supplementary Figure S7. However, potential host effects are difficult to disentangle from 

geographical structuring at this fine scale, as isolates in this cluster were all isolated from 

Denmark and Germany. Subtrees for the other lineages are also provided in Supplementary 

Figure S7 and can be explored with and without recombination removed via the Microreact 

URLs given above. 
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Additional Evidence from MLSA Data 

In order to place the major lineages defined using WGS data into a wider population context, 

we extracted MLSA loci sequences used by Steinum et al. (2016) from these genome data of 

the 105 WGS strains (see section “Materials and Methods”; total length 5236-bp) and 

produced a tree of the combined WGS+MLSA datasets for 189 isolates (Figure 2.2, 

https://microreact.org/project/gjI4aftM1). With the notable exception of the L2 lineage 

(discussed below), these MLSA data resolved the same six major lineages (L1–L6) as WGS, 

but the increase in sample size means that additional lineages are also resolved. 

Supplementary Table S3 lists the WGS and MLSA major lineages for cross-referencing. The 

use of these MLSA data adds support to the view that the L1 lineage is characterised by 

isolates recovered from Salmonidae (n = 31, 57%) and Moronidae (n = 15, 27%), along with 

a small number of isolates from Scophthalmus (turbot) (n = 3, 5.5%). Even after the addition 

of these MLSA data, the L1 lineage contains no isolates from Gadidae. 
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Figure 2.2. Phylogeny of 189 isolates based on eight MLSA loci.  

(A) Maximum likelihood phylogeny of 189 isolates based on the concatenated sequence of 

eight MLSA loci. Major lineages in this dataset were assigned by comparing PopPUNK 

assignments generated in this study and haplotypes (HT) assigned in Steinum et al. (2016). 

The inner ring represents the type of data available for each isolate. As some isolates have 

been both genome sequenced and assessed using MLSA, these data are represented once in 

the tree (WGS & MLSA).  

(B) Metadata summary. 

A striking discrepancy between the lineages defined by WGS and MLSA data is that the 

latter subdivide L2 into two distinct and divergent lineages (L2i and L2ii). On close 

inspection this division is also evident, although much more subtle, when the whole-genome 

is considered in the nine L2 isolates for which WGS data is available (Figure 2.1A and 

Supplementary Figure S7). These two lineages were noted as distinct major clones by 

Steinum et al. (2016) based on the MLSA data, with L2i corresponding to the serotype O2b 

clade (23 isolates, including NVI 6099, predominantly MLSA haplotype (HT) 2), and L2ii 

corresponding to the 17 isolates (including RV22) belonging to the serotype O2a/O2a biotype 

II/O2b/O2c clade and predominantly HT-4. These two groups show differences in host 

specialism; whereas L2i is 100% associated with Gadidae (26/26 after removing one 

“unknown” isolate), only 9/24 (37.5%) of the L2ii isolates are associated with this host 

species. 

In order to determine which of these MLSA loci are responsible for the division of L2 into 

two distinct groups, we generated and compared individual MLSA gene trees (Supplementary 

Figure S8). This revealed that L2 is split into the same two distinct lineages in three of the 

gene trees: ftsZ, rpoA, and pyrH. Supplementary Table S4 gives the average pairwise 

nucleotide diversity (π) for each of the MLSA genes; it is clear from this table that ftsZ is by 

far the most diverged gene and hence is contributing most strongly to the split between L2i 

and L2ii in the MLSA phylogeny. 

  

https://www.frontiersin.org/articles/10.3389/fmicb.2020.01430/full#TS4
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L2 Isolates Have Encountered a Large Homologous Replacement 

A parsimonious explanation for the atypical phylogenetic signal in ftsZ, rpoA, and pyrH is 

that they have all been affected by the same large recombination event. These three genes are 

located at the following positions on the VIB43 reference genome: 2517629–2518360 

(pyrH); 2664926–2666143 (ftsZ), and 2849390–2850382 (rpoA), spanning a total region of 

332,753-bp and with none of the other MLSA genes being interspersed between them. This is 

consistent with the hypothesis that these three genes have been impacted by a single large 

recombination event in some of the L2 isolates, which accounts for the division of this 

lineage on the basis of these MLSA data. This possibility is also indicated by an examination 

of the ClonalFrameML output for the WGS strains (Supplementary Figure S4), where a large 

block of recombination is evident in two strains HI618 and 4299 corresponding to L2i. 

We sought to further examine this hypothesis and to delineate the boundaries of the 

recombination block directly, by considering the distribution of SNPs between the L2i and 

the L2ii genomes. First, we plotted the number of SNPs within each 1-kb window between 

H610 vs. VIB43 (which both correspond to L2ii) and H618 vs. VIB43 (L2i vs. L2ii) (Figures 

2.3 A & B). This clearly confirmed the presence of a block of high-density SNPs of 

approximately 500-kb within chromosome 1 when HI618 was compared with VIB43 (L2i vs. 

L2ii), and this block of high SNP density is absent when the two L2ii strains are compared. In 

order to investigate the origin of the imported region in the L2 isolates, we constructed a tree 

of all the V. anguillarum isolates based only on the recombined sequence (Figure 2.4). As 

expected, this analysis completely separated the two sub-lineages L2i and L2ii. However, the 

two L2i strains cluster with isolate VIB12 (minor lineage L27), which reveals they have 

similar sequence within the recombined region. This implicates VIB12, or a close relative of 

this isolate, as the donor of the recombined region in L2i isolates. To confirm this, we plotted 

SNP density in 1-kb windows between isolates VIB12 and H618, which confirmed a high 

SNP density throughout most of chromosome 1, but much lower SNP density within the 

recombined region (Figure 2.3C). This analysis therefore confirms that L2i has been the 

recipient of a large replacement region donated from a close relative of VIB12. 
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Figure 2.3. Number of SNPs per 1000-bp window for three pairwise comparisons 

showing the acquisition of a region of high SNP density in L2i strains from a lineage 

related to VIB12. 

 SNPs were calculated based on variants called against chromosome 1 of VIB43. (A) VIB43 

(L2ii) vs. HI618 (L2i) - a region of SNP density is present in the recombined region. (B) 

H610 (L2ii) vs. VIB43 (L2ii) – no region of SNP density. (C) VIB12 (L27) vs. HI618 (L2i) - 

a region of low SNP density is present in the recombined region. 
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Figure 2.4. Maximum likelihood tree of all 105 isolates mapped to VIB43 based only on 

the 526-kb homologous recombination region.  

L2i and L2ii are found in distinct regions of the tree. L2i isolates are closely related to VIB12 

in this region, implicating a relative of this strain as the donor. 
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In order to further delineate the recombined region, and to investigate the pattern of SNPs in 

chromosome 1 among all nine L2 isolates (two isolates for L2i and seven isolates for L2ii), 

we then mapped the short reads of the nine L2 genomes against VIB43, which is a fully 

closed genome corresponding to L2ii (Figure 2.5). This revealed the recombined region to be 

525,878-bp long, with the average SNP density between L2i and L2ii genomes within this 

block of 0.85%, compared with 0.02% for the rest of chromosome 1. As expected, this region 

encompasses the three MLSA loci ftsZ, rpoA, and pyrH, thus explaining the atypical 

phylogenetic signal in these genes (Supplementary Figure S9). In contrast, the two L2ii 

strains HI610 and VIB43 only differed by 11 SNPs within the 525,787-bp recombined 

region, which is a typical level of diversity across the chromosome for these strains. The size 

of this replacement is similar to those previously reported for other species, most notably S. 

aureus (Holden et al., 2010) and K. pneumoniae (Chen et al., 2014), where the donors were 

also con-specific strains. However, to our knowledge, this is the first time this phenomenon 

has been reported for Vibrio genomes. 

 

Figure 2.5. SNPs for each L2 isolate along chromosome 1 of VIB43 visualised using 

Artemis.  

Each line illustrates the synonymous (red) and nonsynonymous (blue) SNPs and complex 

multi-nucleotide variants (pink) for each isolate in L2 (Carver et al., 2012). GC skew of 

VIB43 is shown above. A green box has been used to indicate the location of a large region of 

high SNP density between L2i isolates and VIB43. Similarly, a beige box highlights a smaller 

region of high SNP density between most L2ii isolates and VIB43. 
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We checked the relatedness between all nine WGS L2 isolates after the removal of 

recombination. As our analyses indicate that this recombination event is responsible for the 

division of L2 isolates into L2i and L2ii, we expected that the removal of this block would 

result in these two groups being indistinguishable. However, as in evident from 

Supplementary Figure S7, this was not the case; in fact, the two L2i isolates HI618 and 4299 

remain distinct from the L2ii isolates, although the level of divergence is far lower than 

within the recombination block. The non-recombined SNPs accounting for the divergence 

between these lineages are broadly evenly distributed across the rest of chromosome 1. 

Assuming the large recombination event only happened once in the common ancestor of L2i, 

this divergence must have accrued over the rest of the genome subsequent to this 

recombination event. This raises the possibility that this recombination event may have 

resulted in ecological or genomic barriers to further gene flow. The observation from these 

MLSA data that L2i is more host-specialised towards Gadidae than L2ii is consistent with a 

degree of ecological separation between these lineages, thus supporting this hypothesis. 

SNPs Within the Recombined Region Have Experienced Purifying Selection 

In order to examine the adaptive consequence of the large recombination event, we 

considered the pattern of synonymous and non-synonymous mutations within this region, 

which can provide evidence as to the strength and direction of natural selection. Rocha et al. 

(2006) noted that when highly closely related bacterial genomes are compared, the proportion 

of SNPs that are non-synonymous is greater than when more distantly related genomes are 

compared. For example, the SNPs between two isolates of S. aureus that belong to the same 

clonal complex will typically correspond to a dN/dS ratio of around 0.5, whereas this ratio 

will drop to approximately 0.1 when strains corresponding to different clonal complexes are 

compared (Castillo-Ramírez et al., 2011). This effect is due to a lag in purifying selection in 

removing slightly deleterious non-synonymous SNPs from the population. This means that 

more recently emerged SNPs are more likely to be non-synonymous than older SNPs. 

Castillo-Ramírez et al. (2011) showed that this effect can also explain patterns of dN/dS 

within single pairs of S. aureus genomes, where one of the genomes has been impacted by a 

large recombination event. Because the imported region originated from a diverged S. aureus 

isolate, the SNPs that were acquired on this region are older than other SNPs on the genome 

and so have already passed through a selective filter in the donor chromosome. Thus, the 

dN/dS ratio within the recombined region is much lower than the rest of the genome. 

https://www.frontiersin.org/articles/10.3389/fmicb.2020.01430/full#FS7
https://www.frontiersin.org/articles/10.3389/fmicb.2020.01430/full#B57
https://www.frontiersin.org/articles/10.3389/fmicb.2020.01430/full#B57
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We applied the same logic to check for purifying selection on the large recombination event 

in V. anguillarum L2 (Table 1). Similar to the analysis by Castillo-Ramírez et al. (2011), we 

note that there is a far higher proportion of synonymous SNPs within the diverged 

recombined region than in the rest of the chromosome (which is much more conserved as it 

has only very recently diverged between the two lineages). The majority of the 463 SNPs 

within chromosome 1 between strains H618 (L2i) and VIB43 (L2ii) outside of the 

recombination block are non-synonymous (n = 222) rather than synonymous (n = 170), 

which reflects the fact that these SNPs are recently emerged and not all of the slightly 

deleterious non-synonymous SNPs have been selectively purged. In contrast, of the 4,478 

SNPs observed between these strains within the 525,878-bp block of recombination, non-

synonymous SNPs are a minority (n = 675) compared to synonymous SNPs (n = 3422). The 

difference in proportions of synonymous and non-synonymous SNPs between the 

recombination block and the rest of the genome is highly statistically significant by a Fisher’s 

Exact Test (P < 0.0001), demonstrating that the dominant selective force acting on the SNPs 

within the recombined region has been purifying selection. 

Table 1. SNP counts - synonymous, nonsynonymous and intergenic. 

Region No. sites Total 

SNPs 

% divergence No. syn 

SNPs  

No. 

nonsyn 

SNPs 

No. 

intergenic 

N/S I/S 
 

Chromosome 1* 2496077 463 0.0185 170 222 71 1.31 0.42 
 

Chromosome 2 1152743 161 0.0140 48 78 35 1.63 0.73 
 

Recombination 

block 

525878 4478 0.8515 3422 675 381 0.20 0.11 
 

          

* excluding the recombination block 
       

Numbers of SNPs are for the pair of genomes HI618 (L2i) and 

VIB43 (L2ii) 

     

Thorpe and colleagues recently noted that the strength of purifying selection on intergenic 

sites is higher (on average) than on synonymous sites (Thorpe et al., 2017). This explains 

why there is also a significantly higher proportion of intergenic SNPs, relative to synonymous 

SNPs, outside the large recombination events compared to inside (P < 0.0001) (Table 1). 

Finally, we also note that the overall strength of purifying selection (as gauged by the N/S 

https://www.frontiersin.org/articles/10.3389/fmicb.2020.01430/full#T1
https://www.frontiersin.org/articles/10.3389/fmicb.2020.01430/full#T1
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and I/S ratios) is higher in chromosome 1 than in chromosome 2. This is consistent with 

previous analyses (Dillon et al., 2017) and indicates that, despite the size of the event, the 

large recombination import that has impacted on chromosome 1 is likely to be conservative in 

terms of gene function. In order to examine this further, we considered the genes that have 

been affected by this event. 

The Recombined Region Mostly Affects Syntenic Core Genes 

As discussed, there is an intriguing difference in host specificity between the two 

subdivisions of L2; all (26/26) of the L2i isolates are associated with Gadidae host, whereas 

only 37.5% (9/24) of the L2ii isolates were recovered from Gadidae. This raises the 

possibility that the large homologous replacement has an impact on host specialism. To 

investigate this and to explore the adaptive relevance of this event more broadly, we 

compared the genes within the recombined region with those in the rest of the chromosome. 

First, we categorised each gene as either core (present in at least 95% of the genomes), or 

accessory (present in fewer than 95% of the genomes). Surprisingly, the recombined region is 

highly significantly enriched for core genes. Of the 464 genes within this region, 452 are core 

(97.41%). In contrast, when considering 1,874 genes within the non-recombined region of 

chromosome 1, 1,607 (85.86%) are core. This difference is highly significant (P < 0.0001; 

chi-sq. = 47.022, df = 1). We also note a lower proportion of core genes on chromosome 2 

(596/784; 76.02%), which is again consistent with weaker purifying or stabilising selection 

acting on this replicon. As well as being enriched for core genes, the recombined block lies 

within a long collinear block, as identified by Progressive Mauve, indicating a high level of 

conserved synteny in the region within the population (Supplementary Figure S10). 

We then used Shiny-GO (Ge et al., 2019) to compare the functional categories (gene 

ontologies) of the genes within the recombined region with those elsewhere in the genome 

(Table 2). The gene category that is most enriched within the recombined region are the 

ribosomal proteins, with 30 of the total complement of 56 being located within this region. 

These genes are the most conserved and most highly expressed and hence a priori might be 

considered to be the least likely to undergo recombination. Other categories enriched within 

this region, including metabolic pathways and amino-acid biosynthesis, are also associated 

with essential housekeeping functions. Thus, we find no clear footprints of adaptation in 

terms of genes affected. However, it remains possible that allelic changes in core genes, or 

changes in how these genes are regulated, might have significant adaptive consequences. 
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Table 2. Enrichment of functional categories in recombination region 1 using ShinyGO. 

Functional Category Enrichment 

FDR 

Genes in 0.5-

Mb 

replacement 

Total genes in 

STRINGdb for 

Vibrio 

anguillarum 

Genes 

Ribosome 4.72E-47 30 56 rpmE rpsJ rplC rplD rplW rplB rpsS 

rplV rpsC rplP rpmC rpsQ rplN rplX 

rplE rpsN rpsH rplF rplR rpsE rpmD 

rplO rpmJ rpsM rpsK rpsS rplQ rpsB 

rpsI rplM 

Metabolic pathways 1.23E-45 57 551 pfka tpiA frdS frdC ppC argE argC 

argB argH aroK aroB purA rpoA 

cysD cysN cysC fbP ubiX murA arcB 

pepA gltX upP purM gmhA accA 

lpxB lpxA fabZ lpxD dxR pyrH thiL 

ribH proA proB gpT argA dapD thrB 

carB carA dapB lpxC murC murG 

murD mraY hldE enO pyrG mazG 

pdxJ rpiA leuA leuB leuC 

Biosynthesis of 

secondary metabolites 

9.45E-20 26 262 pfkA tpiA frD frdC argE argC argB 

argH aroK aroB fbP ubiX arcB gltX 

purM accA dxR uppS gpT argA dapB 

enO rpiA leuA leuB leuC 

Biosynthesis of amino 

acids 

9.45E-20 20 119 pfkA tpiA argE argC argB argH 

aroK aroB arcB proA proB argA 

dapD thrB dapB enO rpiA leuA leuB 

leuC 

Microbial metabolism 

in diverse environments 

4.82E-11 15 163 pfkA tpiA frdD frdC ppC cysD cysN 

cysC fbP accA dapD thrB dapB enO 

rpiA 

Arginine and proline 

metabolism 

3.08E-10 8 28 argE argC argB argH arcB proA 

proB argA 

2-Oxocarboxylic acid 

metabolism 

8.68E-10 8 32 argE argC argB argH argA leuA 

leuB leuC 
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Peptidoglycan 

biosynthesis 

2.30E-08 6 18 murA murC murG murD mraY murE 

Lipopolysaccharide 

biosynthesis 

2.96E-08 6 19 gmhA lpxB lpxA lpxD lpxC hldE 

Purine metabolism 4.79E-08 9 76 purA rpoA cysD cysN cysC purM 

gpT deoB mazG 

Flagellar assembly 6.53E-08 7 37 flgH flgG flgF flgE flgD flgC flgB 

Carbon metabolism 2.62E-07 9 94 pfkA tpiA frdD frdC ppC fbP accA 

enO rpiA 

Pyrimidine metabolism 8.45E-07 7 54 rpoA upP pyrH carB carA pyrG 

mazG 

Pentose phosphate 

pathway 

1.74E-06 5 21 pfkA fbP deoB deoC rpiA 

Pyruvate metabolism 3.39E-06 6 43 frdD frdC ppC gloB accA leuA 

Methane metabolism 6.70E-05 4 22 pfkA ppC fbP enO 

Aminoacyl-tRNA 

biosynthesis 

1.07E-04 4 25 epmA trpS valS gltX 

Glycolysis / 

Gluconeogenesis 

1.60E-04 4 28 pfkA tpiA fbP enO 

Alanine, aspartate and 

glutamate metabolism 

2.01E-04 4 30 argH purA carB carA 

Valine, leucine and 

isoleucine biosynthesis 

4.75E-04 3 16 leuA leuB leuC 

Lysine biosynthesis 4.75E-04 3 16 dapD dapB murE 

RNA degradation 4.75E-04 3 16 groL rnR enO 

D-Glutamine and D-

glutamate metabolism 

6.27E-04 2 4 murC murD 

Protein export 6.27E-04 3 18 secB secY secA 

Fructose and mannose 

metabolism 

7.99E-04 3 20 pfkA tpiA fbP 

Sulfur metabolism 7.99E-04 3 20 cysD cysN cysC 
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Oxidative 

phosphorylation 

2.30E-03 3 29 frdD frdC ppA 

Selenocompound 

metabolism 

2.30E-03 2 8 cysD cysN 

Two-component system 2.30E-03 6 154 cpxA cpxR frdD frdC rpoN glnD 

Terpenoid backbone 

biosynthesis 

4.30E-03 2 11 dxr uppS 

 

Although the vast majority of the genes within the recombined region are core, a small 

number (n = 12) are accessory, and we checked if the presence/absence of these genes might 

be relevant for host specialism. Of these 12 genes, six are missing in both L2i strains while 

present in all L2ii strains. One of the genes missing in the recombined block contains Sel1-

like repeats (SLR) and shares weak homology (27.7% amino acid identity) with esiB in E. 

coli which has been implicated in immune evasion (Pastorello et al., 2013). In VIB43, this 

SLR containing gene (CK207_10440) is flanked by multiple IS66 family insertion sequences, 

which raises the possibility that it may be frequently gained and lost in the population, and it 

is adjacent to three other genes missing in L2i isolates, including luxR, the regulatory protein 

associated with quorum sensing (Chen and Xie, 2011). These genes all lie within a 15 gene 

segment that is missing in L2i (Supplementary Figure S11). Multiple copies of both esiB and 

luxR are found in the genome of VIB43 although close homologues of this copy are only 

present in 15 strains in our dataset, including L6 strains, Vib54 and Vib608. 
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Gene Content and SNP Variation in Regions Neighbouring the Large Recombination 

Block 

Whilst demarcating the boundaries of the large recombination event described above, we 

noted another localised region of high SNP density (relative to the VIB43 reference) of 

14,280 bp located 71-kb from the large block of recombination towards the origin of 

replication on chromosome 1 (Figure 2.5). This 14-kb region in VIB43 lies within a longer 

28,403-bp element that contains 25 genes. These 25 genes are variably present or absent in 

other strains and lineages and have previously been identified as playing a role in immune 

evasion (Castillo et al., 2017). 

Thus, in contrast to the large recombination event described above, the genes in this region 

are almost entirely accessory. We have identified 22 isolates with the complete, or near 

complete, complement of these genes; these are: all isolates corresponding to L2 (n = 9) and 

to L4 (n = 7), a single isolate from L6 (Vib53), and five isolates from minor lineages 

(Vib110, VIB12, Vib77, Vib69 and Vib552). This region in the L1 reference genome 775 

contains an entirely different suite of genes (Supplementary Figure S12). A nucleotide 

BLAST search of the 28-kb element revealed four regions of similarity to a 

lipopolysaccharide (LPS)-(O-antigen) biosynthesis-related sequence in Vibrio cholerae strain 

CO845 (Accession: GU576499.1. BLAST: 90.25% nucleotide id, 60% total query cover) 

(Aydanian et al., 2011). One of these four regions corresponds to the 14-kb region of high 

SNP density that is embedded within this element. Phylogenetic analysis of this 14-kb region 

resolves three variants (Figure 2.6). Variants 1 and 3 are most common and each correspond 

to a mixture of L2 and L4 strains, indicating lateral transfer between these lineages. Variant 1 

is found mainly in isolates with sero-subtype O2b (5/7), whereas variants 2 and 3 are more 

varied in sero-subtype. The putative association of variant 1 and sero-subtype of O2b is 

consistent with the role of this region in the synthesis of surface antigens. A close inspection 

of the gene content within this 14-kb region reveals that in variant 1 strains (VIB43 in 

Supplementary Figure S13) fmt has been replaced with three genes, an ISVa15 family 

transposase, pglE, and a hypothetical protein with some similarity to sugar O-

acetyltransferases. pglE is an important colonisation factor in other species (Schoenhofen et 

al., 2006), and encodes a UDP-N-acetylbacillosamine transaminase which is involved in 

protein glycosylation. As this gene is only present in isolates containing variant 1 of this gene 

cluster, it is possible that it plays a role in the synthesis of the serotype O2b reactive surface 

antigens.  

https://www.frontiersin.org/articles/10.3389/fmicb.2020.01430/full#FS13
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Figure 2.6. Tree constructed based on LPS biosynthesis genomic island (for the 22 

isolates in which this region is present).  

Mapping to this segment (14,281-bp long) in VIB43 was used to build the tree. The tree 

distinguished three variants of this region, indicated by grey brackets. Variant 1 is associated 

with serotype O2b and is found in isolates from L2i, L2ii, L4 and isolate Vib10. Variant 2 is 

found in three distinct isolates Vib77, Vib69 and Vib552. Variant 3 is associated with 

multiple serotypes, and is found in isolates from lineages L2, L4, L6, and isolate VIB12. 
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DISCUSSION 

Here, we describe a population genomics analysis using WGS data for 105 diverse isolates of 

the important aquaculture pathogen V. anguillarum. Sequence data for 64 of these strains 

were generated, although five of these had been previously sequenced. Publicly available 

WGS data for a further 41 strains were also used, to give a total of 105 genomes. 

Phylogenetic analysis revealed six major lineages, L1-L6, each represented by at least three 

isolates, and these were confirmed using PopPunk which simultaneously considers both core 

and non-core variation to delimit clusters. We strongly advocate the use of this approach for 

lineage assignment, particularly for species where multilocus sequence typing (MLST) 

schemes have not been developed. We used ClonalFrameML to detect and remove 

recombination events. The removal of recombination did not affect lineage assignments but 

did alter the relationships between the lineages and truncate branch lengths, except in the 

branch leading to L1. Although the removal of recombination prior to phylogenetic analysis 

is a common approach, previous studies have urged caution as this can potentially decrease, 

rather than increase, the reliability of the tree (Saltykova et al., 2019). 

There is a mixed picture regarding the strength of association between lineages and serotypes. 

Lineage L1 is almost exclusively associated with serotype O1, and L3 is strongly associated 

with O3; this suggests that serotype switching by recombination is rare in these lineages. In 

contrast, lineages L2 and L4 represent multiple sero-subtypes O2a/O2b/O2c, signifying more 

frequent switching events. These WGS data also hint at differences in host specialism 

between lineages L1 and L3, which tend to be associated with Salmonidae (trout/salmon) and 

Moronidae (bass); and lineages L2 and L4, which are associated with Gadidae (cod). The 

evidence for host specialisms between lineages is strengthened by the addition of MLSA data 

(Figure 2.2), which provides further support for associations between L1 and Salmonidae / 

Moronidae, and L2 with Gadidae. 

Although these MLSA data are only based on eight gene loci and thus has poor resolving 

power compared to the genome sequences, the inclusion of these data led to the serendipitous 

discovery of a very large homologous recombination event resulting in the “cut-and-paste” of 

over 526-kb of the core genome in chromosome 1, from a con-specific donor sequence 

(related to strain VIB12) to an L2 isolate. In our view, the discrepancy between in the MLSA 

and WGS data with regard to the L2 lineage does not reflect a weakness in MLSA per se, nor 

the choice of the MLSA genes for V. anguillarum, but simply results from a rare event that 
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could not have been predicted and which just happened to have impacted on three of the 

MLSA genes in one specific lineage. It is tempting to intuit that such a large-scale genomic 

change must have significant consequences (either positive or negative) for cell fitness or 

adaptation (Mostowy et al., 2014); thus strains of K. pneumoniae, where such events are 

relatively common (Comandatore et al., 2019), have been likened to “hopeful monsters” 

(Croucher and Klugman, 2014). Regarding the event described in this present study, the 

ecological and genetic evidence regarding adaptive consequences is somewhat conflicting. 

The limited ecological evidence points to increased host specialisation within the L2i isolates 

that have inherited the recombination block; these are exclusively associated with Gadidae 

(26/26 strains) whereas only 9/24 (37.5%) of the L2ii isolates (which are closely related to 

L2i strains but lacking the imported region) are associated with this host group. To test the 

true host range of L2i we would suggest extensive sequencing of isolates, particularly those 

with serotype O2b, from multiple hosts and geographic locations. If L2i is truly associated 

with Gadidae and O2b, we would expect only O2b isolates from Gadidae to lie within 

lineage L2i. Indirect genetic support for a host shift is provided by the observation that L2i 

and L2ii strains have begun to diverge elsewhere in the genome, which might be expected 

due to differing ecologies resulting in more restricted opportunities for gene transfer. On the 

other hand, the SNPs introduced by the large recombination event are mostly synonymous 

and, strikingly, the genes contained within this region are strongly enriched for conserved 

core functions, including ribosomal proteins and central metabolism. Comandatore et al. 

(2019) recently surveyed large recombinational replacements in K. pneumoniae and argued 

that large recombination events in regions close to the origin of replication, where essential 

genes reside in high density within the Proteobacteria, are likely to be deleterious. However, 

a simple explanation for the presence of this recombination block would be that conserved 

regions share the closest homology, which might mechanistically favour homologous 

recombination. Viewed from this perspective the large import is at best selectively tolerated, 

but most likely falls short of conferring a positive advantage. We do however stress that our 

failure to identify obvious candidate genes within the recombined region that can be readily 

implicated in host specialism does not mean that such changes have not occurred, as such 

ecological shifts can result from quite subtle changes in gene expression or regulation (Denef 

et al., 2010). 

Although, to our knowledge, this is the first report of such a large-scale contiguous 

recombination event affecting Vibrio genomes, recombination is known to be frequent in 



Chapter 2 

63 

 

Vibrio species and has been linked to ecological shifts (Efimov et al., 2013). Moreover, 

ostensibly similar large-scale recombination events have been reported for other bacterial 

species, including Clostridium difficile (He et al., 2013), S. agalactiae (Brochet et al., 2008) 

and K. pneumoniae (Holt et al., 2015). Robinson and Enright (2004) reported two such events 

affecting regions of the genome near the origin of replication in S. aureus, the largest of 

which (>550-kb) was characteristic of the important hospital-acquired methicillin resistant 

(MRSA) clone ST239. Despite an apparent fitness cost, evidenced by increased doubling 

time of this clone, ST239 was at one point the most common hospital-acquired MRSA strain 

globally, although it has largely been replaced by other strains over the last few years (Li et 

al., 2018). The extent to which the rise, or the subsequent fall, of this clone can be attributed 

to the large recombination event remains unclear. 

Other large-scale recombination events have been described for S. aureus (Aanensen et al., 

2016; Didelot and Wilson, 2015; Nimmo et al., 2015), but the most convincing example of a 

causal link between such an event and host specialisation was described by Spoor et al. 

((Spoor et al., 2015). In this case, recombination affected a 329-kb region spanning the origin 

of replication resulting in the hybrid bovine-adapted S. aureus clone ST71. The large 

replacement in this clone (which was itself mosaic in origin) led to loss of human-adapted 

genes and the gain of bovine-adapted genes, probably originating from pre-existing bovine 

adapted lineages. 

In addition to the large recombination event, we also examined diversity within two LPS and 

capsule synthesis gene clusters previously identified by Castillo et al. (2017), which are 

positioned approximately 70-kb from the large recombination block. LPS is known to play an 

important role in immune evasion and adherence in V. anguillarum (Lindell et al., 2012), and 

the expression of genes coding for LPS production, transport and assembly is linked to 

environmental stresses such as low temperature and low iron availability (Lages et al., 2019). 

Here, we also note associations between gene content and nucleotide variation in these 

elements with serotype definition. Most notably, one cluster containing 25 genes in VIB43 is 

found almost exclusively in serotype O2 strains and has striking similarities to a LPS-

biosynthesis related gene locus in V. cholerae (Aydanian et al., 2011). Intra-species transfer 

of LPS-biosynthesis genes has previously been linked to the formation of entirely new 

serotypes in V. cholerae (Yamasaki et al., 1999). In some cases, genes in this locus show 

greater similarity to Vibrio species other than V. cholerae, pointing to inter-species transfer of 
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these gene cassettes. A final question remains as to whether the presence of these variable, 

and presumably mobile, gene cassettes is linked to the large recombinational replacement. 

The possibility of such a link is raised by the work of Brochet et al. (2008), who noted that S. 

agalactiae strains exchange large regions of DNA through cis- and trans- mobilisation by 

conjugative elements. However, further detailed comparative genomic and experimental 

work is required to test this hypothesis 
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Further Evidence of Large Recombination Events and O-antigen 

Genomic Island Plasticity in Vibrio anguillarum 
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ABSTRACT 

Previously a large homologous replacement was detected in Lineage L2 of the fish pathogen 

V. anguillarum. Here we have examined this region in more depth and discovered that it is a 

mosaic replacement consisting of regions from different donor lineages. In addition, we 

detected another large replacement, approximately 300-Kb in lineage L4. Our analysis shows 

that some genome regions are susceptible to long homologous replacement events. We have 

also studied a genomic region responsible for lipopolysaccharide and capsule production, and 

thus serotype determination. This revealed that major serotypes O1, O2 and O3 each carry 

their own distinct gene clusters in this location and that recombination of these short gene 

clusters is likely to underpin serotype diversity. 

INTRODUCTION 

In Chapter Two, we compiled a dataset of whole-genome sequences for the aquaculture 

pathogen Vibrio anguillarum. Although this species has been widely studied and control 

measures have been successful in most sectors to reduce infection rates, outbreaks are still 

being detected, and novel issues are arising, such as infections in the newly developed 

lumpfish industry (Vasquez et al., 2020) and emerging serotypes not covered by current 

vaccination programs (Mikkelsen et al., 2007). Therefore, it is essential to better understand 

the evolution, diversity and versatility of this Vibrio pathogen. Here we describe additional 

major evolutionary events that have shaped the genome of V. anguillarum. 

Previously we established at least 37 distinct lineages of V. anguillarum, a number that we 

expect would grow extensively with more sequencing efforts. Six of these lineages have been 

sampled multiple times and are likely important clades in the aquaculture industry. Multiple 

studies have described an extensive pangenome in this species, a feature that suggests that 

non-homologous recombination is an essential method of adaptation and diversification of V. 

anguillarum (Busschaert et al., 2015; Castillo et al., 2017; Holm et al., 2018; Coyle et al., 

2020). In addition, as described in Chapter 1, we identified a very long homologous 

replacement in Lineage L2 using whole-genome sequence analysis. This event potentially 

represents another important mechanism to generate diversity in this species and may also 

provide the genetic explanation for the differences in host range between strains that differ in 

this region.  
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Here we sought to study this region further and, in doing so, discovered that it is mosaic in 

nature. In Chapter 2 we noted that isolate VIB12 was a close relative of the donor of this 

region. On closer inspection we describe here how this imported region is itself a mosaic, and 

approximately 20% of it has derived form a different, unknown, donor. Thus, the 

evolutionary history of the recombinant L2i lineage has involved multiple recombination 

events. In addition to this, we discovered a 357-Kb replacement in an L4 isolate with close 

homology to L2 isolates. Two smaller regions were also detected in this isolate that are likely 

to have originated from a VIB12-like donor. 

Bacterial serotyping is one of the main typing methods used for V. anguillarum. Serotypes in 

V. anguillarum are determined by Lipopolysaccharide (LPS). These extracellular components 

used for serotyping play essential roles in the virulence of V. anguillarum. In serotype O1 

strains, LPS structures have been linked to immune evasion and colonisation through the 

epithelium of rainbow trout (Croxatto et al., 2007; Lindell et al., 2012). In addition, the 

lipopolysaccharide side chain of O1 strains is essential for iron transport mediated by 

anguibactin (Naka and Crosa, 2011). There are at least 20 distinct serotypes in this species, 

three of which are associated most with vibriosis; O1, O2 and O3 (Pedersen et al., 1999). 

Efforts have been made in V. cholerae, V. parahaemolyticus and V. vulnificus to identify 

genes and processes involved in LPS and capsular synthesis and serotype determination. 

Genes encoding capsular and LPS biogenesis tend to be colocalised in these species, and 

some genes are involved in both processes. Recombination in this region has been linked to 

the emergence of new serotypes in V. cholerae (Comstock et al., 1995; Yamasaki et al., 1999; 

Blokesch and Schoolnik, 2007). Clusters of genes related to LPS biosynthesis have been 

detected in V. anguillarum, and the genes important for serotype O1 have been studied for 

their role in virulence. In Chapter Two, we investigated a region in the genome linked to 

serotype determination in serotype O2 associated strains (Naka et al., 2011; Castillo et al., 

2017; Coyle et al., 2020). We discovered that nucleotide variation within this region could 

help distinguish sero-subtypes, and both homologous and non-homologous recombination is 

involved in exchanging serotype between lineages. In this Chapter, we have extended this 

study to investigate genes that may explain serotype switching in non-L1 serotype O1 isolates 

and strains with serotype O3. 
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MATERIALS AND METHODS 

Dataset 

The dataset of 105 V. anguillarum isolates compiled in Chapter 2 was used in this study. 

Similarly, the pangenome constructed for Chapter 2 has been used here for gene content 

comparisons.  

Recombination Region Assessment 

We focused on four features to examine recombination regions detected in this study: 

phylogenetic analysis, SNP counts against important lineages, counts of synonymous and 

non-synonymous SNPs, and gene content variation. 

We used mapping to evaluate SNP content differences between genomes and delineate the 

boundaries of significant recombination events. We used snippy-3.2-dev (Seemann, 2015) to 

map isolates against various reference genomes (settings: –mincov 10 –mapqual 60 –

unmapped). Artemis was used to visualise VCF files (Carver et al., 2012). We calculated the 

number of SNPs per 1000-bp window for every isolate and used R version 3.2.3 to interpret 

the results (R Core Team, 2015). SeqKit (Shen et al., 2016) was used to extract regions of 

interest from multiple alignments and concatenate alignments. In this Chapter, phylogenetic 

trees were built using rapidNJ (Simonsen et al., 2008). Tabix (Li, 2011), along with a custom 

python script, was used to count synonymous and non-synonymous SNPs. Variants were first 

annotated using SnpEff (Cingolani et al., 2012). 

Whole-genome alignments were constructed using progressiveMauve (Darling et al., 2010). 

These alignments were used to determine the positions of regions of interest in multiple 

genomes.  

ShineyGO (Ge et al., 2019) was used to detect functions enriched in regions associated with 

recombination. To do so, we found the position of the region of interest in the reference 

isolate 775. Genes present in the resulting block within the genome of 775 were used in the 

gene enrichment process. We selected KEGG pathways with p-values less than 0.5 to report 

here. The number of core and accessory genes found in each region was determined using a 

pangenome constructed previously using PIRATE (Bayliss et al., 2019). 

We used Artemis Comparison Tool (Carver et al., 2005) in conjunction with BLAST 

(Altschul et al., 1990) to compare serotype associated genomic islands and gene clusters. 
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PHASTER was used to detect potential phages in chromosome one of L3 isolate CNEVA 

NB11008 (Arndt et al., 2016). 

We performed bioinformatics analysis in an MRC-CLIMB hosted virtual machine (Connor et 

al., 2016). 
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RESULTS 

A Large Homologous Replacement in L2i Is Mosaic 

In Chapter 2, we identified a 0.5-Mb long homologous replacement event that has 

differentiated two V. anguillarum lineage L2 sub-lineages, L2i andL2ii (Coyle et al. 2019). 

We determined that the closest relative to the donor of the recombined block in the L2i 

lineage was VIB12. Here, we sought to examine further the differences between VIB12, and 

the recombined block found in L2i. We compared the SNP profiles of VIB12 and L2i isolates 

mapped against L2ii isolate VIB43 to determine the location of each variant. In doing so, we 

discovered that the SNP’s differing between these strains are not scattered randomly 

throughout the entire affected region but instead concentrated in two distinct locations 

(Figure 3.1A). The largest of these regions encompasses the first 101-Kb of the 

recombination block, a region in which isolates HI618 (L2i) and VIB12 are 0.78% diverged 

(Table 3). A smaller group of six genes around 8.5kb long also differs significantly between 

VIB12 and L2ii strains (1.4%). In contrast, the remaining 410-Kb has a much lower 

divergence of 0.03%. This finding suggests that this replacement’s donor lineage is much 

more closely related to VIB12 than initially thought, and an entirely separate lineage has 

donated the first fifth of the 526-Mb region. 

To confirm this, we constructed phylogenetic trees based on each of these regions. A tree 

based on the first 101-Kb of the replacement block verifies that this sequence in L2i shows no 

similarity to VIB12 (Figure 3.1B). L2i isolates have no close relatives at this region in our 

dataset, indicating that this region’s donor has not yet been sequenced. Similarly, the 8-Kb 

region detected in VIB12 is unrelated to all L2 isolates, and no close relative of L2i strains at 

this region can be identified from our data (Figure 3.1C). A tree constructed using the 

remaining 425-Kb confirms the relationship between this recombination block and VIB12 

(Figure 3.1D). 

Previously we assessed the level of purifying selection of the entire region between isolates in 

L2i and L2ii (Coyle et al., 2020). We found that synonymous variants were dominant within 

the replacement region, contrasting with the rest of the genome. Here, we expanded on this to 

include comparisons to isolate VIB12 and assess the differences in purifying selection levels 

between each of these regions within the mosaic replacement. To do this, we mapped isolates 

from L2i and L2ii to VIB12 (Table 3). Outside of the large recombination event, both L2i and 

L2ii have diverged by ~0.66% from chromosome 1 of isolate VIB12, and the majority of 
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variants are synonymous (n = 14096, n = 13413) rather than non-synonymous (n = 3068, n = 

2760). This excess of synonymous SNPs is expected in unrelated lineages as, over time, 

slightly deleterious non-synonymous SNPs are purged from diverging lineages. Similarly, 

synonymous SNPs are disproportionately present in both the 101-Kb block and the 8-Kb 

gene cluster we have identified here (N/S = 0.2 & N/S = 0.21 respectively in both isolates). 

This finding reinforces the hypothesis that each of these regions has been acquired by 

lineages unrelated to Vib12 and L2. The remaining 425-Kb of the 525-Mb replacement has a 

much higher proportion of non-synonymous to synonymous SNPs between L2i and VIB12 

(N/S = 2.84). Thus, purifying selection has not impacted this region significantly between 

VIB12 and L2i. Since L2ii has not acquired this region, synonymous SNPs are the dominant 

variant found against VIB12 (N/S = 0.21).  

We used ShineyGO (Ge et al., 2019) to determine the functional categories enriched in the 

mosaic replacement’s two largest regions (Table 4, Supplementary Table S5). This 

highlighted the presence of flagellar assembly genes in the 101-Kb region. In particular, 

variants of flagellar genes related to the basal body rod protein are all located in this region 

(flgA-flgH and flgM). These have previously been flagged as potential virulence-related genes 

(Norqvist and Wolf-Watz, 1993; Castillo et al., 2017). Vibrio cells rely on flagella for many 

functions, including colonisation, chemotaxis and biofilm formation (Ormonde et al., 2000; 

Rodkhum et al., 2006; Hickey and Lee, 2018; Echazarreta and Klose, 2019). Interestingly, 

four Lipopolysaccharide genes involved in lipid-A biosynthesis are present in this region – 

lipxA, lipxB, lipxD, and gmhA. Four of eight vitamin B12 (riboflavin) metabolism genes are 

also located on this block, along with the virulence haemolysin gene mltD (Xu et al., 2011).  

The extended 401-Kb region is enriched for many essential genes such as ribosomal genes, 

metabolic pathway genes and numerous amino acid and biosynthesis genes. Interestingly, 

four of 17 beta-lactam resistance genes are found in this sequence. One known resistance 

gene, hly; a 21-kDa hemolysin precursor gene, can be detected here. 

The 8-kb region detected encompasses seven genes, one metal cation transporter mntH, a 23s 

rRNA pseudouridine synthase rluA, an RNA polymerase-associated protein RapA, a PhoH-

like protein, argF, pyrB and one hypothetical protein.  
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Figure 3.1. Neighbour-joining trees based on three separate segments of the 526-Kb 

homologous replacement region. 

(A) An illustration of the 0.5-Mb region found in Coyle et al. (2019) is shown. Regions that 

VIB12 or a close relative has donated are shown in white. Regions with unknown donors 

are shown in grey. 

(B) A tree of the first 101-Kb shows L2i and VIB12 are not similar in this region. L2i isolates 

have no close relatives in this phylogeny, indicating that the donor lineage is unsampled. 

(C) An 8-Kb region with little homology between VIB12 and L2i was used to build a tree. 

L2i and VIB12 are not related in this region, indicating that this cluster of genes has 

recombined in one of these lineages. One isolate from L1, 96F, is unrelated to the rest of 

L1 in this region (blue nodes), suggesting it has also recombined. 
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(D) This phylogeny is based on the remaining 410-Kb, excluding two regions of divergence 

between L2i and VIB12. L2i and L2ii are unrelated and L2i groups tightly with VIB12, 

indicating that VIB12 is the donor lineage of this sequence. 

Table 3. SNP counts of each unrelated segment of the 0.5-Mb replacement region against 

isolate VIB12. 

Region No. Sites Total 

SNPs 

% 

divergence 

No. Syn No. 

Nonsyn 

No. 

Intergenic 

N/s I/s 

HI618 (L2i) vs VIB12        

101-Kb 112010 877 0.78 658 131 0 0.20 0 

Donated by 

VIB12-like 

donor 

425074 111 0.03 25 71 0 2.84 0 

8-Kb 8559 120 1.40 85 18 0 0.21 0 

Chromosome 1 2777443 19024 0.68 14096 3068 65 0.22 0.0046 

VIB43 (L2ii) vs VIB12        

101-Kb 112010 932 0.83 723 141 0 0.20 0 

Donated by 

VIB12-like 

donor 

425074 3569 0.84 2719 547 0 0.20 0 

8-Kb 8559 114 1.33 87 18 0 0.21 0 

Chromosome 1 2777443 18038 0.65 13413 2760 64 0.21 0.0048 

Numbers of SNPs are calculated based on mapping HI618 and VIB43 to isolate VIB12 

 
 

Table 4: Gene enrichment of mosaic recombination region in L2i using genes shared with 

reference strain 775. 

Functional category Enrichment 

FDR 

Genes in  

0.5-Mb 

replacement * 

Total genes in 

STRINGdb for 

V. anguillarum 

101-Kb region    

Metabolic pathways 9.48E-19 27 551 

Flagellar assembly 1.33E-14 10 37 

Riboflavin metabolism 2.27E-07 4 8 

Lipopolysaccharide biosynthesis 7.24E-06 4 19 

Dna replication 7.24E-06 4 19 

Purine metabolism 0.000108 5 76 

Biosynthesis of secondary metabolites 0.000112 8 262 

Pyrimidine metabolism 0.000324 4 54 

Fatty acid metabolism 0.000385 3 23 

Terpenoid backbone biosynthesis 0.002365 2 11 

Fatty acid biosynthesis 0.004052 2 15 

Glycerophospholipid metabolism 0.007993 2 22 
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Mismatch repair 0.008761 2 24 

Two-component system 0.009135 4 154 

Arginine and proline metabolism 0.010268 2 28 

Homologous recombination 0.010307 2 29 

Pyruvate metabolism 0.02065 2 43 

Bacterial chemotaxis 0.046734 2 69 

410-Kb Region    

Metabolic pathways 1.77E-57 91 551 

Ribosome 5.73E-34 29 56 

Biosynthesis of amino acids 3.87E-32 36 119 

Biosynthesis of secondary metabolites 6.91E-31 47 262 

Microbial metabolism in diverse environments 8.17E-26 35 163 

Carbon metabolism 8.05E-15 20 94 

Alanine, aspartate and glutamate metabolism 9.18E-13 12 30 

2-oxocarboxylic acid metabolism 2.03E-12 12 32 

Peptidoglycan biosynthesis 7.29E-11 9 18 

Arginine and proline metabolism 2.83E-10 10 28 

Methane metabolism 1.93E-08 8 22 

Pyrimidine metabolism 2.08E-08 11 54 

Lysine biosynthesis 3.40E-08 7 16 

Purine metabolism 7.47E-08 12 76 

Oxidative phosphorylation 1.69E-07 8 29 

Pentose phosphate pathway 2.58E-07 7 21 

Valine, leucine and isoleucine biosynthesis 9.54E-07 6 16 

Glycine, serine and threonine metabolism 1.38E-06 8 38 

Pyruvate metabolism 3.57E-06 8 43 

Two-component system 4.05E-06 14 154 

C5-branched dibasic acid metabolism 4.27E-06 5 12 

Glycolysis / gluconeogenesis 2.86E-05 6 28 

Homologous recombination 3.39E-05 6 29 

Sulfur metabolism 6.44E-05 5 20 

Galactose metabolism 7.93E-05 4 11 

Cysteine and methionine metabolism 0.000221 5 26 

Nitrogen metabolism 0.000221 4 14 

Beta-lactam resistance 0.00045 4 17 

Pantothenate and coa biosynthesis 0.00045 4 17 

Protein export 0.000551 4 18 

* see Supplementary Table S5 for gene names as found in genome GCA_000217675  
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Another Large Homologous Recombination Event Was Discovered in L4  

In Coyle et al. (2019), an analysis of recombination events using ClonalFrameML identified 

large homologous recombination events in Lineage L2 (Figure S4). This analysis also 

indicated that another significant recombination event has occurred in Lineage L4. We set out 

to confirm the presence of this large recombination block by mapping every isolate to the 

scaffold genome of the L4 type strain NCTC12159. An assessment of variants in each isolate 

in this lineage has revealed that the genome of isolate Vib104 contains four tracks of 

sequence that differ significantly from other L4 strains (Figure 3.2 and Figure 3.3). The 

fourth region also shows significant differences in isolate Vib109 from the rest of L4, 

including Vib104, indicating that Vib109 has acquired a different replacement at this 

location. Thus, this site has experienced two separate homologous replacement events in this 

population.  

The ClonalFrameML analysis conducted identified three recombination regions in L4 relative 

to the L1 reference isolate 755. One of these regions is significantly long. Here we have 

detected four regions in L4 relative to chromosome one of L4 isolate NCTC12159 (Figure 

3.2). However, the contig representing chromosome one of NCTC12159 does not have the 

origin of replication is at the beginning of the sequence and is not arranged in the same way 

as chromosome 1 of isolate 775. Therefore, it is not immediately clear which of these blocks 

of sequence correspond to the three regions first noted by ClonalFrameML (Figure S4). To 

determine each region’s position in the genome of isolate 775, we performed a whole-

genome alignment of NCTC12159 and 775 (Figure 3.4). This confirmed that the SNP-dense 

regions detected in Vib104 correspond to the three recombination events identified by 

ClonalFrameML (Figure S4). Notably, the fourth and first regions, located on the edges of 

the largest contig of NCTC12159, are contiguous in isolate 775 and occur near the terminus. 

Thus, the large region of recombination identified by ClonalFrameML is represented by 

region 1 and 4 detected in NCTC12159 and is 357-Kb in length. 
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Figure 3.2. Regions with high SNP density found in the genome of Vib104 compared to 

other L4 isolates. 

Each row illustrates synonymous (red) and non-synonymous (blue) SNPs for each isolate in 

L4 called against the large contig encompassing chromosome one of type strain NCTC12159. 

Note that the origin of replication of chromosome one occurs near the middle of this contig 

(indicated in grey on the GC skew axis). Four SNP-dense regions in Vib104 are indicated 

using boxes. SNPs and GC skew were visualised using Artemis (Carver et al., 2012). The 

fourth region detected also differs significantly in isolate Vib109 and is not similar to any 

isolate in the dataset.  
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Figure 3.3. SNPs per 1000-bp window for three L4 strains show four regions with high 

SNP counts in Vib104. 

Three L4 isolates were mapped against isolate NCTC12159 and VIB43, and SNPs were 

counted for every 1000-bp. (A) DSM21597 is highly similar to reference isolate NCTC12159. 

(B) Multiple long regions with high SNP density are evident in chromosome 1 of Vib104 

compared with isolate NCTC12159. (C) One region in VIB43 shows increased similarity to 

Vib104. This corresponds to the 347-Kb replacement region. 
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Figure 3.4. Determining the genomic positions of four recombined regions in L4 in 

reference isolate 775. 

The whole-genomes of isolates 775 (L1) and NTCT12159 (L4) were aligned using 

progressiveMauve (Darling et al., 2010). The positions of four recombination regions found 

in L4 isolate NCTC12159 are indicated using coloured blocks in both isolates. This shows 

that two of these regions, shown in yellow, that occur at each end of the chromosomal contig 

are contiguous and represent one extended region of homologous recombination ~300-Kb 

long. This sequence’s position corresponds to the long region of recombination identified in 

the ClonalFrameML analysis, which was performed using isolate 775 as a reference genome 

(Supplementary figure S4). 

Recombined Regions in Vib104 Show High Similarity to VIB12 and L2 Isolates 

To determine the source of these three replacements, we constructed neighbour-joining trees 

using only the three regions of interest (Figure 3.5A). The 83-Kb long region found shows 

high similarity to L2i isolates and VIB12 (Figure 3.5B). This block lies within the boundaries 

of the large homologous replacement already described between these two lineages. That this 

replacement overlaps with the previously identified recombination event suggests that this 

region is prone to recombination events between lineages (Figure 3.4).  

As described above, the 347-Kb replacement is represented by regions 1 and 4 detected while 

mapping to NCTC12159. A tree based on this block groups Vib104 with L2 isolates (Figure 

3.5C & 3.5F). We corroborated this by comparing the number of SNPs per 100bp against the 

genome of VIB43 (Figure 3.3). In addition to this, when region four is taken alone, Vib109, 

the closest relative to Vib104 in L4, shows no similarity to other L4 isolates. No known 

donor for this region in Vib109 can be determined, although it bears the closest resemblance 

to Vib6. Thus, this region has experienced multiple sizable recombination events in L4 
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isolates. The smallest region, 75-Kb in length, is most similar to VIB12 and shows little 

resemblance to L2. No other isolates have experienced significant recombination events in 

this region. 

We compared the proportion of non-synonymous to synonymous SNPs for each region for 

isolates Vib104 and Vib109 against reference isolate NCTC12159 (Table 5). All regions have 

excess synonymous SNPs in Vib104, while region four alone displays similar levels in 

Vib109. This excess of synonymous SNPs corroborates the hypothesis that these regions 

have been replaced by unrelated lineages within V. anguillarum. 

Table 5. SNP counts of regions of recombination in L4. 

Region No. Sites Total 

SNPs 

% divergence No. 

Syn  

No. 

Nonsyn  

No. 

Intergenic 

N/s I/s 

Vib104         

Region1 282480 2318 0.82 1688 423 33 0.25 0.02 

Region2 83328 698 0.84 571 54 0 0.09 0.00 

Region3 179983 1179 0.66 869 173 0 0.20 0.00 

Region4 74982 505 0.67 343 99 5 0.29 0.01 

Chromosome 1* 2553779 813 0.03 420 284 0 0.68 0.00 

Vib109         

Region1 282480 150 0.05 84 61 0 0.73 0.00 

Region2 83328 12 0.01 3 5 0 1.67 0.00 

Region3 179983 16 0.01 4 10 0 2.50 0.00 

Region4 74982 590 0.79 431 125 0 0.29 0.00 

Chromosome 1* 2553779 839 0.03 422 332 0 0.79 0.00 

* excluding the recombination blocks 
  

Numbers of SNPs are called against isolate NCTC12159 
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Figure 3.5. Trees based on three L4 recombined regions reveal potential donor lineages. 

(A) Illustration of significant recombination events in L4 isolate VIB104 based on the 

coordinates of reference isolate 775 (reversed). 
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(B) Based on an 87-Kb recombined region, the tree reveals that Vib104 contains a sequence 

very similar to Vib12 and L2i isolates. This sequence is located within a 526-Kb region 

that has recombined in L2i. 

(C) The largest region found is 367-Kb long and shows high similarity to L2 isolates.  

(D) The last region detected in Vib104 is 75-Kb long. A tree based on this region shows 

closest similarity between Vib104 and Vib12.  

(E) Subtree highlighted in B is shown. This highlights the relationship between Vib104, 

VIB12 and L2ii in this region. 

(F) A subtree indicated in C shows that Vib104 has high similarity with L2 isolates and 

appears most closely related to Vib13. 

 

Figure 3.6. Illustration of recombination events detected in L4 and L2 chromosomes. 

Chromosome one of an L2i isolate and Vib104 (L4) are depicted here. Regions of 

recombination detected in each genome are highlighted and coloured by the closest donor 

lineage. Region 1 found in L2i represents an LPS biosynthesis-related gene locus with high 

variability in the population. The sequence found here in L2i isolates is closely related to 

Vib110 and L4 isolates Vib104 and Vib109 (Figure 1.6). Regions 2 to 4 encompass the 526-

Kb mosaic replacement described in Chapter 2. Region 2, shown in purple, is highly closely 

related to isolate VIB12. Regions 3 and 4 do not have known donor lineages. Region 5, found 

in isolate Vib104, is highly similar to region 2 in both L2ii and VIB12. Region 6 in isolate 

VIB104 shows high similarity to L2 isolates and has likely been acquired from this lineage. 

Region 7 is most closely related to isolate Vib12.  
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Gene Content of Recombined Regions in L4 

The 526-Kb region that has experienced large replacement events in lineage L2i was found to 

be especially rich in core genes, a trait that may have facilitated movement between lineages. 

The 357-Kb recombination event detected in Vib104 contains 78 accessory genes and 413 

core genes. Although this region has a higher proportion of accessory gene families than 

found in the L2 recombination region, it is still significantly enriched for core gene families 

(P = 0.02884; chi-sq. = 4.7771, df = 1). Of the 78 accessory genes, 41 are found in one 

predominantly consecutive block with a few core genes interspersed. A block of six 

consecutive genes can also be found, and two groups of three. Thus, although there are 

accessory genes present, they are not dispersed evenly throughout the region. Twenty-six of 

these gene families are missing in the isolate Vib104, including one core gene, gltP. This 

region is significantly enriched in many metabolic pathways. Interestingly, two copies of 

lpxH, kdsB and lpxK comprise LPS associated genes located in this block, genes which are 

involved in lipid A biosynthesis. The presence of beta-lactam, chemotaxis and homologous 

recombination genes may also be significant to this lineage (Table 6, Supplementary Table 

S6). 

The 83-Kb region detected contains 24 accessory genes and 100 core genes, an expected 

level of accessory genes relative to the rest of the genome (P = 1; chi-sq. = 3.2259e-28, df = 

1). Many of these core genes occur in clusters of between two and eleven genes. Five genes 

are missing in Vib104, including three annotated genes; pleD, ppsC, and dmlR. A gene 

enrichment analysis of genes found in this region in isolate 775 indicates that this block 

contains mainly genes involved in metabolic pathways (Table 6). 

A 75-Kb region, on the other hand, contains more accessory genes than expected, with 51 

accessory and 84 core gene families (P = 1.036e-07; chi-sq. = 28.306, df = 1). Thirty-two of 

these are not found in isolate Vib104. Functional enrichment of 140 genes found in this 

region in isolate 775 suggests it is involved in multiple metabolic pathways and secondary 

metabolite biosynthesis (Table 6).  
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Table 6: Gene enrichment of three recombination blocks in Vib104 using genes shared 

with reference strain 775. 

Functional category Enrichment FDR Genes in  

0.5-Mb 

replacement * 

Total genes in 

STRINGdb for  

V. anguillarum 

84-Kb region 
   

Metabolic pathways 2.14E-16 22 551 

Microbial metabolism in diverse environments 2.14E-16 15 163 

Carbon metabolism 2.14E-16 13 94 

Biosynthesis of secondary metabolites 8.52E-15 16 262 

Pyruvate metabolism 1.31E-11 8 43 

Two-component system 5.72E-06 7 154 

Glycolysis / gluconeogenesis 9.92E-06 4 28 

Oxidative phosphorylation 1.00E-05 4 29 

Biosynthesis of amino acids 1.21E-05 6 119 

Propanoate metabolism 8.01E-05 3 18 

Fructose and mannose metabolism 1.01E-04 3 20 

Methane metabolism 1.25E-04 3 22 

Arginine and proline metabolism 2.41E-04 3 28 

Alanine, aspartate and glutamate metabolism 2.76E-04 3 30 

Pyrimidine metabolism 1.47E-03 3 54 

Fatty acid biosynthesis 1.80E-03 2 15 

Pentose phosphate pathway 3.35E-03 2 21 

Fatty acid metabolism 3.79E-03 2 23 

Cysteine and methionine metabolism 4.58E-03 2 26 

Homologous recombination 5.40E-03 2 29 

Purine metabolism 3.23E-02 2 76 

347-Kb region 
   

Metabolic pathways 1.95E-25 51 551 

Biotin metabolism 4.61E-15 10 14 

Abc transporters 1.88E-09 15 120 

Fatty acid biosynthesis 5.37E-09 7 15 

Fatty acid metabolism 1.48E-07 7 23 

Ubiquinone and other terpenoid-quinone biosynthesis 7.09E-07 6 18 

Histidine metabolism 3.17E-06 5 13 

Beta-lactam resistance 1.27E-05 5 17 

Two-component system 4.92E-05 11 154 

Carbon metabolism 1.64E-04 8 94 

Bacterial chemotaxis 1.64E-04 7 69 

Homologous recombination 1.64E-04 5 29 

Biosynthesis of secondary metabolites 2.66E-04 13 262 

Microbial metabolism in diverse environments 2.82E-04 10 163 

Lipopolysaccharide biosynthesis 2.96E-04 4 19 

Biosynthesis of unsaturated fatty acids 3.20E-04 3 8 

Porphyrin and chlorophyll metabolism 7.52E-04 4 25 

Aminoacyl-trna biosynthesis 7.52E-04 4 25 
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Purine metabolism 1.32E-03 6 76 

Propanoate metabolism 3.36E-03 3 18 

Pentose phosphate pathway 4.50E-03 3 21 

Taurine and hypotaurine metabolism 4.50E-03 2 6 

Pyruvate metabolism 4.50E-03 4 43 

Butanoate metabolism 4.50E-03 3 21 

Pyrimidine metabolism 9.81E-03 4 54 

Oxidative phosphorylation 1.03E-02 3 29 

Nicotinate and nicotinamide metabolism 2.66E-02 2 16 

Sulfur metabolism 3.92E-02 2 20 

Methane metabolism 4.51E-02 2 22 

75-Kb region 

   

Metabolic pathways 2.74E-04 14 551 

Biosynthesis of secondary metabolites 4.95E-04 9 262 

Purine metabolism 7.86E-04 5 76 

Protein export 8.53E-04 3 18 

Phenylalanine, tyrosine and tryptophan biosynthesis 1.10E-03 3 21 

Abc transporters 3.22E-03 5 120 

Thiamine metabolism 4.30E-03 2 10 

Terpenoid backbone biosynthesis 4.57E-03 2 11 

Bacterial secretion system 4.75E-03 3 42 

Glyoxylate and dicarboxylate metabolism 8.82E-03 2 17 

Amino sugar and nucleotide sugar metabolism 4.56E-02 2 42 

* see Supplementary Table S6 for gene names as found in genome GCA_000217675  
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Serotypes O1, O2 and O3 Carry Different O-antigen and EPS Biosynthesis Genomic 

Islands 

In Chapter 2, we investigated a 14-Kb segment of genes associated with O-antigen 

biosynthesis. We noted that homologous recombination within this small region might impact 

sub-serotype switching within serotype O2 lineages. This small segment falls within a large 

cluster of genes linked to LPS biosynthesis. Naka et al. in 2011 discovered that the genome of 

isolates with serotype O2 and O1 carry a different collection of genes that encode for O-

antigen and exopolysaccharide biosynthesis. Thus, non-homologous recombination of 

genomic islands is responsible for the evolution of serotypes O2 and O1 (Figure 1.6). In 

serotype O1, multiple genes within this region have been linked to specific virulence 

functions (Norqvist and Wolf-Watz, 1993; Croxatto et al., 2007; Lindell et al., 2012). 

Serotype O1 isolates are mostly exclusive to one lineage, L1. However, five unrelated strains 

outside of Lineage L1 have been typed as serotype O1. Here we set out to determine if 

serotype O1 isolates outside of lineage L1 carry the genomic region associated with serotype 

O1. With the exception of L2 isolate VIB43, O1 strains outside of L1 all carry this set of 

genes in the same location as L1 isolates. It is unclear if isolate VIB43 has been misclassified 

or if another genetic mechanism could generate serotype O1. Within this genomic island, 

non-L1 strains are not as closely related to each other as isolates within L1 in this region, 

indicating that these lineages acquired this genomic island a long time ago. It is also possible 

that multiple variants of this island are circulating in the population, similarly to the small 

variable chunks associated with serotype O2 (Figure 1.6), which have been acquired by these 

lineages at different times. 

A 10280-bp region containing exopolysaccharide (EPS) operons orf1-wbfD-wbfC-wbfB and 

wza-wzb-wzc is identical in L1 strains and at least 97% conserved in non-L1 O1 strains 

(gb|NCBI DQ900656.1|) (Croxatto et al., 2007). In addition, we discovered that non-L1 

isolates with serotypes O6, O8, O9, O10, VANT2 carry this 103-Kb region independently of 

the remainder of the O1 associated genomic island. Similarly, Naka et al. noted that Vibrio 

ordalii, a close relative of V anguillarum, has acquired these operons. In V. ordalii this 

segment appears alongside a genomic island similar to that in serotype O2 strains. This 

mosaic structure of LPS and EPS encoding operons may be a frequently used strategy for 

generating new serotypes. 
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Since serotype O1 and O2 strains contain very different genomic islands in this location, we 

sought to determine if the same were true for the other pathogenic serotype, O3. We 

discovered that strains with serotype O3 do carry a unique genomic island at this locus. This 

segment has a GC content of 35.53%, which is low for this species. A BLAST search 

recovered could not identify a non-V. anguillarum source for this genomic island. However, 

9.6 kilobases resemble an incomplete phage detected by PHASTER with a GC content of 

36.14% (NC_026927). An 11-Kb segment with a GC content of 41.15% adjacent to this is 

non-unique (Figure 3.7). This gene cluster, highlighted in blue in Figure S12, is consistently 

observed in 36 isolates and was first described by Castillo et al. (2017). Isolates carrying 

variants 1 and 3 of the gene cluster examined in Chapter 2 (Figure 2.6) all carry this second 

set of genes. Three isolates containing variant 2 of the previous gene cluster do not. In 

addition to these mostly O2 related genomes, we can identify this gene set in all isolates with 

serotypes O3 and O7. A phylogenetic analysis of this cluster, as seen in Figure 3.8, separates 

isolates carrying the larger gene cluster from all other isolates. Serotype O3 and O7 strains 

from Lineages L3 and L5 respectively contain distinct highly conserved variants of this 

region. Serotype O7 strains not found within L5 (Vib608 and Vib54) contain a different 

variant of this region. Similarly, serotype O3 strains not included in L3 do not share the same 

variant of this region (PF7, PF430-3 and PF4).  

The clear separation of serotypes O2, O3, and O7 indicates that the genes in this block are 

involved in determining these distinct serotypes. An LPS O-antigen chain length determinant 

protein encoded by wzzB resides n this region. Also, capsule biosynthesis proteins YjbF, 

GgfC (YmcC), and YjbH, and a polysaccharide biosynthesis/export family protein can be 

found in this segment. One gene present is a potential haemolysin transporter tlyC.  

Thus, at least three genomic islands with limited gene content similarities in the V. 

anguillarum population are involved in determining serotypes O1, O2 and O3. Non-

homologous recombination, and mosaic arrangements of these regions, can allow unrelated 

lineages to switch serotype. 
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Figure 3.7. Each of the main pathogenic serotypes O1, O2, and O3, contain different O-

antigen and capsule biosynthesis genomic islands. 

BLAST comparisons of three genomes, 775, VIB43 and CNEVA NB11008, are visualised 

using the Artemis Comparison Tool (ACT) (Carver et al., 2005). Each genome contains 

regions ~50-Kb long that are unique to each serotype. An 11,056-bp region is shared by 

serotype O2 and O3 genomes and is indicated in yellow. This region is present in 36 strains 

and was first uncovered in Supplementary Figure S13. 
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Figure 3.8: Tree produced using LPS and capsule related genomic island for the 36 

isolates that carry this accessory region.  

The tree was built using SNPs called against an 11,056-bp segment in VIB43. The tree 

groups all O2 associated isolates and L2i isolate VIB43 (O1) as one cluster, indicating they 

all share the same variant of this gene cluster. Serotype O3 isolates from major lineage L3 are 

generally homogenous in this region. Similarly, all isolates from L5 share a highly similar 

variant of this gene set. Other isolates possessing this region of genes, not found within these 

major lineages, consist of all other isolates in the dataset that have been classified as either 

serotype O3 or O7. These isolates do not group with their assigned serotype with respect to 

this region. 
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DISCUSSION 

Previously we identified that a large homologous replacement was responsible for generating 

variation within one lineage of the fish pathogen V. anguillarum. Here, we looked more 

deeply at this recombination event and identified other homologous replacement events of 

significant length in the population.  

Importantly, we noted that the 526-Kb homologous replacement identified in Coyle et al. 

(2019) is a mosaic replacement encompassing three regions with distinct donors (Figure 3.6). 

Initially, we determined that this sequence had a single donor lineage that was not identical to 

but closely resembled isolate VIB12. Instead, one-fifth of this region shows no similarity to 

the proposed donor of the 547-Kb region. This 101-Kb segment has been acquired from an 

unknown lineage. A second, small region with seven genes was also determined to have an 

unknown donor lineage. When these two regions are accounted for, the remaining sequence 

in L2i strains is highly similar to VIB12. Thus, the donor of this block is more closely related 

to VIB12 than concluded previously for most but not all of this genomic replacement.  

Until strains from the donor lineages of each segment have been sequenced, it is impossible 

to determine the order in which these replacement events have occurred. For example, L2i 

may have acquired each region individually. However, it is also possible that VIB12 passed 

the entire acquired 526-Kb sequence to L2i before acquiring a 101-Kb replacement or a 

smaller 8-Kb sequence, such that these no longer resemble the sequences acquired by L2i. 

Regardless, the discovery of multiple long replacements in one location highlights the 

potential importance of extensive homologous substitution in this genome region. This was 

reinforced by the discovery of another event in L4 isolate Vib104, which shares an 83-Kb 

block with both Vib12 and lineage L2i and falls within the same location.  

We detected multiple significant recombination events that have taken place in the genome of 

the L4 isolate VIB104, including one long one, 357-Kb in length. These recombination 

events differentiate this isolate from other L4 genomes. The largest region has been imported 

from lineage L2. This region contains many genes that impact virulence. Another smaller 

recombination event overlapping with this was detected in the L4 isolate Vib109, 

highlighting once more how multiple extensive homologous replacements can involve the 

same set of genes.  
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In addition, it is striking that isolates from lineages L2, L4 and isolate VIB12 appear multiple 

times as donors or recipient genomes (Figure 3.6). Multiple significant homologous 

replacement events detected and described in this study have been exchanged between these 

lineages and often involve similar genome segments. Comandatore et al. in 2019 discovered 

that homologous replacement events longer than 100-Kb frequently occur between lineages 

of Klebsiella pneumoniae. Significant homologous replacement events have been involved in 

the emergence of novel clinically significant clonal groups in this species. Importantly, these 

events cluster within two particular genome locations and multiple events involve the same 

lineages. These lineages contained a higher gene content similarity to the recipient lineage 

CG258. Specifically, those lineages harboured more genes that were almost exclusive to 

CG258 than other potential donors. This indicated that gene content plays a significant role in 

determining the suitability of donor recipient pairs. Similar dynamics have likely influenced 

the movement of large recombination events in V. anguillarum. In Chapter Five, we cluster 

all V. anguillarum strains by gene content (Figure S17). While this method is less precise 

than that adopted in (Comandatore et al., 2019), it shows that L4, L2 and VIB12 cluster 

together, indicating that together they share a significant proportion of gene families relative 

to the rest of the population. This suggests the barrier to gene flow that is unfavourable gene 

content changes may be reduced between isolates from these lineages. In addition to this, 

multiple genomes have been sequenced to represent lineages L2 and L4, three of which have 

been required for the discovery of these large replacement events, Vib104 (L4), 4299 (L2i), 

and HI618(L2i). It is likely that other lineages that have not been similarly well covered by 

whole-genome sequencing may be involved in large replacement events.  

Genes encoding for lipopolysaccharide (LPS) and exopolysaccharide biosynthesis have been 

linked to virulence functions in V. anguillarum. The O-antigen, the outermost component of 

the LPS structure, has been implicated in evasion from phagocytosis by epithelial cells, 

allowing for host colonisation to occur (Lindell et al., 2012). Interestingly, the O-antigen is 

also essential to iron uptake using the PjM-1 associated anguibactin iron uptake system 

(Welch and Crosa, 2005). Exopolysaccharides help to form biofilms and facilitate adhesion to 

surfaces (Croxatto et al., 2007). However, most of the studies where LPS and EPS associated 

operons have been tested and characterised for virulence-related functions are mostly only 

found in serotype O1 strains (Croxatto et al., 2007; Welch and Crosa, 2005). Naka et al. 

(2011) conducted the first comparative genomics study in this species by comparing three 

strains; a serotype O1 isolates 775, a serotype O2 strain RV22 and a V. ordalii strain. This 
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was the first time it was recognised that these different strains harbour different genes linked 

to LPS and EPS biosynthesis. Interestingly, V. ordalii harbours a hybrid of gene clusters from 

both isolates 775 and RV22, which explains why this species reacts to V. anguillarum 

serotype O2 anti-sera.  

Here, we have shown that serotype O3 strains carry another unique cluster of genes in this 

region. However, a small segment encoding for capsule related genes and a haemolysin is 

shared by serotype O2, O3 and O7 genomes. We also discovered that serotype O1 strains 

found outside of the large serotype O1 associated lineage carry the gene clusters found in L1 

in this genome location. However, a small region within this is shared with isolates from 

other serotypes, suggesting that this segment can recombine independently between lineages. 

Chapter Two noted that non-homologous recombination within the locus present in serotype 

O2 strains occurred between lineages. Three variants of this particular gene cluster were 

detected in the population, and the segment was highly similar to one found in V. cholerae. 

Thus, three genomic islands unique to serotypes O1, O2 and O3 have been identified. 

However, non-homologous and homologous recombination of small regions within these 

islands between lineages is prevalent. This plasticity conferred by shuffling variants and 

genes encoding for LPS and EPS can give rise to new serotypes and allow strains to adapt to 

new hosts. 

CONCLUSION 

While in Chapter Two, we discovered a large recombination event in V. anguillarum, here we 

have discovered that the phenomenon of large recombination events has occurred multiple 

times in this species. These recombination events tend to involve donor lineages implicated in 

other long recombination events, namely lineages L2, L4 and isolate Vib12, and have 

appeared in similar genome locations. Long replacements allow lineages to radically shift 

their genomes by introducing many variants at one time. This study has highlighted the 

potential for these evolutionary shifts in this important fish pathogen. In addition, we have 

explored the diversity of O-antigen and exopolysaccharide producing gene cassettes in 

important pathogenic serotypes O1, O2, and O3. This underscored the importance of 

homologous and non-homologous transfer of both genomic islands and small gene clusters 

between lineages for generating variation in LPS and EPS biosynthesis.  
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Chapter 4 
   

 

Comparative Genomics of Oyster Pathogens Vibrio aestuarianus and 

Vibrio splendidus Associated with Summer Mortality Syndrome in 

Ireland. 

 

The work in this chapter is based in part on an outbreak report in Microbial Genomics: 

Vibrio aestuarianus Clade A and Clade B isolates are associated with Pacific oyster 

(Crassostrea gigas) disease outbreaks across Ireland. 

 

Commentary text 

The work in this chapter introduces Vibrio pathogens of Crassostrea gigas, V. aestuarianus 

and V. splendidus. In Ireland, these species have been recovered from oyster farms 

experiencing seasonal die-offs known as summer mortality syndrome. Here, in collaboration 

with the Marine Institute in Ireland and CEFAS in the UK, we collected and sequenced 

genomes of each species from oyster farms across Ireland. In doing so, we discovered that 

two clades of V. aestuarianus previously detected in France are circulating in Ireland. In 

addition, we describe unusual differences in gene content between isolates from France and 

Ireland. Vibrio splendidus-like strains were found to be very diverse although one small clade 

was detected that may represent a single pathogenic clonal expansion in this otherwise 

opportunistic pathogen. Thus, we have applied whole-genome sequencing to study the 

population structure and genome evolution of these two important oyster pathogens. 

 

The statement of authorship (Supplementary Form 2) for this paper can be found in the 

Appendix. 
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ABSTRACT 

Summer mortality syndrome, a seasonal disease in oyster production, is affected by multiple 

factors, including infectious diseases. Multiple Vibrio species, in particular, have been linked 

to these outbreaks. In Ireland, mortality events where Vibrio strains have been recovered have 

occurred since 2011 peaking in 2015. Here we have used whole-genome sequencing to 

analyse the population structure and genome content of Vibrio isolates from sites around 

Ireland. We discovered that two Clades of V. aestuarianus identified in French oyster farms 

are circulating in Ireland. V. splendidus-like isolates are very diverse, but a small clade 

detected suggests that specific pathogenic strains within this otherwise opportunistic 

pathogen can appear. 

INTRODUCTION 

Infectious diseases are one of the most significant factors limiting oyster aquaculture 

expansion. Outside of China, oyster production has not followed the rapid growth other 

aquaculture products have experienced in the past 50 years (Botta et al., 2020). Although 

seasonal mortalities have affected oyster farming for decades, many European countries have 

experienced a sharp increase in mortalities since 2008. For example, France, the largest 

oyster producing country in Europe (EFSA, 2010), has suffered high rates of mortality in 

farmed pacific oysters, Crassostrea Gigas, due to ‘summer mortality syndrome’. The 

etiology of this syndrome is complex and can involve many biotic and abiotic factors, 

including various pathogenic microbes (Garnier et al., 2007; Malham et al., 2009; EFSA, 

2010; Wendling and Wegner, 2013; Lasa et al., 2019).  

Oyster herpes virus, OsHV-1µVar, has been the primary pathogen implicated in summer 

mortality events in oyster farms (Segarra et al., 2010). However, Vibrio pathogens have 

increasingly been identified as etiological agents in this disease, appearing either as 

coinfections with OsHV-1µVar or independently (Garnier et al., 2007; Lemire et al., 2015; 

Petton et al., 2015; Lasa et al., 2019). In particular, Vibrio aestuarianus and species from the 

diverse Vibrio splendidus clade have frequently been found in moribund oysters during the 

summer months (Lacoste et al., 2001; Roux and Le Roux, 2002; Gay, Berthe, et al., 2004; 

Garnier et al., 2007; Bruto et al., 2018). Notably, in many cases, Vibrio species have been 

detected in oysters where OsHV-1µVar has also been identified. 
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In Ireland, the oyster industry is growing steadily, reportedly employing more than 1,300 

people and producing €44.3 million worth of produce in 2018 (BIM, 2019). Mass mortality 

events have occurred frequently since 2008 (Dore et al., 2020). Oyster herpes virus and 

Vibrio species V. aestuarianus and V. splendidus have predominantly been recovered from 

oysters and linked to die-offs (Morrissey et al., 2015; Dore et al., 2020; Efsa, 2015). 

In this study, we obtained whole-genome sequences for Vibrio isolates from sites across 

Ireland between 2008 and 2014. These strains were mainly belonging to two Vibrio species, 

V. aestuarianus and V. splendidus, while a minority were identified as V. splendidus-like 

strains. The Irish V. aestuarianus strains showed a high genetic similarity to two clades 

previously associated with summer mortality syndrome in France. We show that the V. 

splendidus responsible for disease in Ireland is a highly diverse collection of strains, but one 

clonal group was identified in 2009 in distinct locations. 

MATERIALS AND METHODS 

Sample Collection 

[This analysis was contributed by the Marine Institute, Ireland]. 

Twenty-two sites, most of which were experiencing mortality events, were targeted for 

sampling. Bacterial isolates were recovered from the haemolymph of Crassostrea gigas of 

various ages and characterised initially using PCR analysis. V. aestuarianus strains were 

detected using methods and primers described by (McCleary and Henshilwood, 2015). Other 

Vibrio species were identified using 16S PCR analysis as described in (Lane et al., 1985) 

using primer pair: forward primer: 5´ - AGAGTTTGATCCTGGCTCAG, reverse primer: 5´ - 

GWATTACCGCGGCKGCTG. Forty-three isolates were stored at -80°C using protectTM 

storage following manufacturers instructions (Technical Service Consultants Ltd). 

DNA Extraction and Quantification 

[This analysis was contributed by the Centre for Environment, Fisheries and Aquaculture 

Science (Cefas)]. 

DNA was extracted from the isolates using the MasterPure™ Gram-positive DNA extraction 

kit (Cat. No. MGP04100; Epicentre®). The standard protocol was modified slightly to 

accommodate for the isolates being Gram-negative organisms. In summary, a 1 µl loopful of 

bacteria (previously sub-cultured onto seawater agar (SWA)) was placed into a 1.5 ml 
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Eppendorf tube containing 1 ml 0.9% saline. The solution was centrifuged at 1500 rpm, the 

supernatant removed, and 150 µl TE buffer was added and samples vortexed to re-suspend 

the pellet. 150 µl of a premade dilution of proteinase K in Gram-positive lysis solution was 

added to each sample at a concentration of 1 µl Proteinase K per 150 µl of Gram-positive 

lysis solution. The samples were vortexed and subsequently incubated at 65-70°C for 15 min, 

which included vortexing every 5 min. Samples were cooled to 37°C then put on ice for 3-5 

minutes, following which 175 µl of MPC Protein Precipitation Reagent was added to each 

sample. Samples were vortexed and centrifuged at 1500 rpm at 4°C for 10 min. The 

supernatant was collected (pellets discarded) and 500 µl of isopropanol was added, samples 

inverted 30-40 times and centrifuged again at 1500 rpm at 4°C for 10 min. The supernatant 

was removed, 70% ethanol was added, and samples centrifuged for a final time at 1500 rpm 

at 4°C for 5 min. Finally, the supernatant was removed, and samples were re-suspended in 

100 µl of molecular grade water and stored at -80°C until future use. The extracted DNA was   

using a Quantus fluorometer (Promega), and quality assessed using NanoDrop™ ND-1000 

Spectrophotometer (Thermo). Only those samples that passed the quality check were selected 

for high-throughput (Illumina) sequencing. 

Illumina Sequencing  

[This analysis was contributed by the Centre for Environment, Fisheries and Aquaculture 

Science (Cefas)]. 

Isolates were sequenced using the Illumina Miseq technology according to the standard 

protocol produced by the manufacturer. In brief, the DNA was normalised, following which a 

standard tagmentation programme was run on the libraries using a thermocycler. 

Subsequently, the genomic libraries were amplified (thermocycler) using the appropriate 

Index 1 (i7) and Index 2 (i5) primers. The libraries were then cleaned up and quality assessed 

with an Agilent Technology 2100 Bioanalyzer using a High sensitivity DNA chip. Finally, 

libraries were pooled and combined with the PhiX control before loading into the reagent 

cartridge and run on the Miseq.  

Quality Control, Assembly and Annotation 

Trimmomatic version 0.36 was used to trim raw illumina reads using parameters: 

(ILLUMINACLIP:*:2:30:10 MINLEN:36 SLIDINGWINDOW:4:20 TOPHRED64). We 

used FastQC v0.11.7 to assess the quality of trimmed reads (Andrews, 2010). SPAdes 

v3.11.1 was used to assemble draft genomes with parameters (-k 55,77,87,99,107,117,127 –
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careful –only assembler). We removed contigs with less than five coverage, calculated using 

BWA and SAMtools v1.8, and length 500 bp (Li and Durbin, 2009). Assemblies were 

annotated with prokka 1.13 (–addgenes –centre XXX –mincontiglen 200 –cdsrnaolap) 

(Seemann, 2014). Lastly, we used QUAST v4.6.3 to calculate each assemblies’ quality 

statistics (Gurevich et al., 2013). QC scores for all reads and assemblies are provided in Table 

S7. 

Accessing Public Genomes of V. splendidus and V. aestuarianus  

Whole-genome sequences were obtained from the NCBI for two species: V. splendidus and 

V. aestuarianus. While thirteen genome sequences were donated by Goudenège et al., 2015, 

isolates used in that study with updated sequences on the NCBI were also accessed, including 

the reference genome 02/041. We combined these data with V. aestuarianus strains sampled 

in Ireland, resulting in a dataset of 45 genomes. Similarly, we accessed 102 isolates identified 

as V. splendidus in the NCBI, bringing the total number of genomes in this study for this 

species to 120 genomes. Metadata for all publicly accessible isolates can be found in Table 

S8. 

Pangenome Construction and Core Genome Phylogeny 

Pangenomes of coding regions were constructed using PIRATE (Bayliss et al., 2019). Gene 

presence-absence of gene families across each population was analysed using R version 3.2,3 

(R Core Team, 2015). The population pangenome was visualised in Phandango version 1.3.0 

(Hadfield et al., 2017).  

We concatenated alignments for each core gene identified by PIRATE. We then used a 

concatenated core gene alignment of 45 V. aestuarianus isolates to construct a phylogenetic 

tree using RAxML-NG v. 0.9.0 (Kozlov et al., 2019). For the larger V. splendidus dataset, we 

constructed a neighbour-joining tree using RapidNJ (Simonsen et al., 2008). Each phylogeny 

was visualised using microreact (Argimón et al., 2016) and can be viewed using the project 

URLs; https://microreact.org/project/gfAsh7KuduL4xuSTDaVU5r (V. aestuarianus) and 

https://microreact.org/project/eMABqKLAPcn2QG5NEnCVor (V. splendidus). SNP 

distances between isolates were calculated using Disty McMatrixface 0.1.0 (Brinda, 2017). 

Phage Prediction  

PHASTER (Arndt et al., 2016), was used with default parameters to locate suspected phages 

in isolates 02/041, 01/308 and 16060. 

https://paperpile.com/c/N1RH2m/q9nLl
https://microreact.org/project/gfAsh7KuduL4xuSTDaVU5r
https://microreact.org/project/eMABqKLAPcn2QG5NEnCVor
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Mapping Phylogeny 

V. aestuarianus isolates were separately mapped using three reference genomes; 02/041, 

01/308 and 16060 using Snippy (Seemann, 2015). Trees were constructed based on the 

resulting alignment using RAxML-ng (Kozlov et al., 2019) and visualised in Microreact 

(Argimón et al., 2016).  

IGR Analysis  

We used piggy – an intergenic region clustering program (Thorpe et al., 2018) – to construct 

an intergenic region (IGR) pangenome for the V. aestuarianus population. This allowed us to 

identify switched regions between isolates; regions between gene pairs that have either 

entirely replaced or “switched” an IGR, diverged by at least 90% nucleotide identity, or 

experienced an insertion or deletion event. To assess how often switches of various types 

occur in the population, we grouped all switches between the same gene pairs across the 

population and constructed a matrix identifying the IGR cluster found in each isolate for that 

gene pair. R version 3.2.3 was used to group switched regions by gene pair and isolate and 

construct a presence-absence matrix. We used Phandango to visualise switched regions 

relative to the phylogeny, and the IGR pangenome (Hadfield et al., 2017) 

All Bioinformatics was carried out using resources provided by MRC-CLIMB (Connor et al., 

2016) 
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RESULTS  

Whole-Genome Sequencing Datasets Were Compiled for Two Dominant Vibrio Oyster 

Pathogens in Ireland. 

Forty-three Vibrio isolates were sampled from oysters in 23 locations across Ireland collected 

between 2008 and 2015 (Table 7). Twenty-five isolates were identified using PCR as V. 

aestuarianus, while the remaining 18 isolates fell within the V. splendidus species complex. 

Notably, V. splendidus was generally detected in addition to either V. aestuarianus or OsHV-

1µVar, suggesting it may not play a key role in these mortality events. Figure 4.1 illustrates 

the distribution of sampled isolates from these two species. We compiled datasets of publicly 

available genomes for both Vibrio species, and we acquired 13 additional V. aestuarianus 

genome sequences from Goudenège et al. (2015). Metadata for all publicly accessed samples 

can be found in Table S8. This increased the current WGS datasets for each species to 45 V. 

aestuarianus isolates and 120 isolates of V. splendidus. Metadata from both species can be 

viewed and explored using the Microreact projects 

https://microreact.org/project/koMM5v4cFZtmPR7wsbxVMR for V. aestuarianus and 

https://microreact.org/project/eMABqKLAPcn2QG5NEnCVor for V. splendidus. Quality 

assessments of each genome used can be found in Table S7. 
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Figure 4.1: Map of forty-three isolates sampled across Ireland. 

25 V. aestuarianus (green) and 18 V. splendidus (yellow) isolates were collected from 23 

locations across Ireland. The size of each circle is weighted by the total number of isolates 

recovered from that site. 
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Table 7: Isolate metadata for V. aestuarianus and V. splendidus sequenced in Ireland. 

Year of 
extraction 

Cefas ID Site of extraction 
Tissue sample was 
extracted from 

Age class 
Species (according to 
Marine Institute Galway) 

2009 16025 Loughros Beag Gill 0+, 1+ V. aestuarianus 

2014 16028 Woodstown Haemolymph 3 V. aestuarianus 

2014 16030 Kinsale Haemolymph 2 V. aestuarianus 

2014 16033 Dungarvan Gill 0+, 1+ V. aestuarianus 

2014 16034 Achill Gill 0 V. aestuarianus 

2015 16036 Castlemaine Haemolymph 2 V. aestuarianus 

2015 16041 Woodstown Gill 1 V. aestuarianus 

2015 16043 Donegal Bay Haemolymph 2 V. aestuarianus 

2015 16044 Dungarvan Haemolymph 2 V. aestuarianus 

2015 16048 Dungarvan Haemolymph 2 V. aestuarianus 

2015 16049 Dungarvan Haemolymph 2 V. aestuarianus 

2015 16050 Woodstown Gill 0 V. aestuarianus 

2015 16053 Kinsale Haemolymph 2 V. aestuarianus 

2010 16054 Poularone Creek Gill 0 V. aestuarianus 

2015 16056 Donegal Bay Haemolymph 2 V. aestuarianus 

2015 16057 Dungarvan Haemolymph 2 V. aestuarianus 

2015 16058 Dungarvan Haemolymph 2 V. aestuarianus 

2013 16059 Kinsale Gill 1 V. aestuarianus 

2015 16060 Donegal Bay Haemolymph 2 V. aestuarianus 

2015 16062 Gweedore Haemolymph 1 V. aestuarianus 

2014 16063 Kinsale Haemolymph 1 V. aestuarianus 

2013 16066 Oysterhaven Gill 0+, 1+, 2+ V. aestuarianus 

2015 16067 Woodstown Haemolymph 2 V. aestuarianus 

2009 16070 Woodstown Haemolymph 1 V. aestuarianus 

2014 26_S26 Loughros Beg Bay     V. aestuarianus 

 16029 Ballymacoda Bay Haemolymph 0 V. splendidus 

2009 16035 Clew Bay Haemolymph 0 V. splendidus 

2009 16037 Carlingford Lough Gill 0 V. splendidus 

2013 16040 Loughros Beag Haemolymph 1 V. splendidus 

2009 16042 Dunmanus Bay Haemolymph 1 V. splendidus 

2010 16046 Castlemaine Harbour Haemolymph 1 V. splendidus 

2013 16051 Clew Bay Haemolymph 0 V. splendidus 

2009 16052 Dungloe Bay Haemolymph 1 V. splendidus 

2008 16065 Dungloe Bay Haemolymph 0 V. splendidus 

2015 16069 Woodstown Strand Haemolymph 3 V. splendidus 

2014 16071 Castlemaine Haemolymph 2 V. splendidus 
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2013 16073 Valentia River Haemolymph 0 V. splendidus 

2008 16074 Dungarvan Harbour Haemolymph 1 V. splendidus 

  16077       V. splendidus 

2009 16061 Dungarvan Harbour Haemolymph 1 Vibrio sp. 

2009 16075 Carlingford Lough Haemolymph 0 Vibrio sp. 

2009 16078 Castlemaine Harbour Haemolymph 1 Vibrio sp. 

2008 16079 Trawenagh Bay Haemolymph 1 Vibrio sp.  

 

Two V. aestuarianus Clades Previously Identified in France Are Also Circulating in 

Ireland. 

In 2015 Goudenège et al. (2015) identified two clonal groups of V. aestuarianus prevalent 

and circulating in French oyster farms: Clade A and Clade B. We expanded this phylogenetic 

analysis by incorporating 25 isolates from Irish oyster farms and seven publicly available 

isolates from the USA and France. A core genome phylogeny of these forty-five isolates 

placed all isolates from Irish farms within the two French clades described by (Goudenège et 

al., 2015) (Figure 4.2). The most basal isolates in the tree are from France, which is 

consistent with transmission from France to Ireland. This hypothesis was supported by a 

more fine-scaled phylogenetic analysis of clade B using a mapping approach with isolate 

01/308 as a reference, although, the tree topologies were inconsistent when other genomes 

were used as references (Figure S14). 

One Clade A isolate, O-00-16-10, was sampled in the USA. No other isolates sampled 

outside of France or Ireland cluster with either Clade A or Clade B isolates, although further 

sequencing of V. aestuarianus may reveal the presence of these clades in other geographical 

regions. Five isolates sampled from cockles in France also fall outside of those two oyster 

associated clades (Figure 4.2). 

https://paperpile.com/c/DMRMs2/FkmYq
https://paperpile.com/c/DMRMs2/FkmYq
https://paperpile.com/c/DMRMs2/FkmYq
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Figure 4.2: Core genome phylogeny of forty-five V. aestuarianus isolates reveal two 

clades circulating in Ireland and France.  

A maximum-likelihood tree of a core genome alignment is shown. Tree tips are coloured by 

the country of isolation. The isolation source of each isolate is displayed. Isolates recovered in 

Ireland fall within two previously identified clades circulating in France. In both Clades A & 

B, French isolates are basal, indicating transmission from France to Ireland. One Clade A 

isolate recovered USA, O-00-16-10, is closely related to French isolates. Isolates recovered 

from cockles are not members of Clades A or B and are genetically diverse. 
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Gene Content Varies by Clade and Geographic Origin. 

The pangenome of V. aestuarianus consists of 7,104 gene families (Figure 4.3). This includes 

2,947 core gene families (present in 95%-100% of isolates), 1,130 shared by 10%-95% 

isolates, and 3,027 shared by fewer than 10% of the isolates. A set of 199 gene families 

present in all Clade A isolates are absent in Clade B isolates (Figure 4.3), while most Clade B 

isolates contain 113 gene families not shared with Clade A. Two Clade B strains isolated in 

France harbour almost the entirety of both of these sets of genes. To further investigate these 

gene content changes, we looked at where each gene family is located in the 02/041 V. 

aestuarianus genome. The 185 genes shared by Clade A and French Clade B strains are 

distributed widely across the genome and fall into approximately 15 clusters, each with at 

least two gene families (Table S9). The largest of these clusters is 43-Kb long, contains 49 

genes, and has a GC content of 44.87%, where the genome average is 42.84%. The relatively 

high GC content of this region is consistent with horizontal acquisition. The closest relative 

of this phage, VPUSM 8, a Myoviridae family phage found in V. cholerae O1 El Tor Inaba, 

has a GC content of 48.92%, where V. cholerae’s GC content is ~ 47.5% (Al-Fendi et al., 

2017) Another 9.3-Kb region with 12 of these gene families and a GC content of 40.97% is 

located 865-Kb away from the region above. These two large gene clusters have been 

identified as phages using PHASTER: PHAGE_Vibrio_8_NC_022747(35) and 

PHAGE_Stx2_c_1717_NC_011357(2) (Table 8). Another cluster, found on chromosome 

two, is also associated with a phage (PHAGE_Vibrio_VCY_phi_NC_016162(7)). The 

remaining clusters of gene families are scattered across each chromosome and contain mostly 

hypothetical proteins (106 of 138 genes). Many of these regions are flanked by integrase and 

transposase-related proteins which is consistent with current or historical mobility.  

Genes unique to Clade B are also largely hypothetical proteins (60 of 118) and are spread 

across 28 contigs in isolate 16060, each carrying between one and eleven of these gene 

families (Table S10). We note multiple genes related to two citrate fermentation operons in V. 

cholerae; citCDEFXG, citS-oadGAB-citAB citD-G and citX are all colocalised with citB and 

citA (Liu et al., 2019). In these isolates oadA, oadB and oadG are found with citC and copies 

of citA and citX. No citS genes were detected. Genes citA, citG, and one copy of citX are also 

found in one Clade A genome: isolate 12/142. In V. cholera, it has been suggested that 

anaerobic citrate fermentation plays a role during host colonisation. A virulence gene 

repressor, vspR, found on a genomic island unique to V. cholerae 7th pandemic El Tor 

https://paperpile.com/c/DMRMs2/iGr4x
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genomes (Davies et al., 2012), was also only found in Irish Clade B genomes. No phages 

were detected in the genome of 16060 using PHASTER. 

 

Figure 4.3: Gene presence-absence of 45 V. aestuarianus isolates. 

Presence/absence heatmap depicts the pangenome of 45 V. aestuarianus genomes generated 

by Phandango (Hadfield et al., 2017). Dark blue blocks indicate the presence of a gene 

family. Tree branches and heatmap rows are coloured by the country of isolation. A red box 

indicates genes that differ between Clade A and Clade B. French Clade B isolates 01/151 and 

12/032, notably both carry almost all of these genes.  

  

https://paperpile.com/c/DMRMs2/bGAJ9
https://paperpile.com/c/DMRMs2/M6eib
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Table 8: Pages detected in Clade A isolate 02/041 using PHASTER. 

Region Region 

Length 

Completeness Score* # Total 

Proteins 

Region 

Position 

Most Common Phage GC % 

Chromosome 1 
       

1 13.6K

b 

incomplete 40 14 10866-

24508 

PHAGE_Synech_S_SKS1_

NC_020851(3) 

36.66% 

2 38.5K

b 

intact 150 51 1754202

-

1792755 

PHAGE_Vibrio_8_NC_022

747(35) 

45.27% 

3 25Kb incomplete 60 11 2645227

-

2670257 

PHAGE_Stx2_c_1717_NC

_011357(2) 

41.33% 

Chromosome 2 
       

1 23.2K

b 

intact 95 18 893217-

916447 

PHAGE_Vibrio_VCY_phi_

NC_016162(7) 

40.30% 

2 7.1Kb incomplete 30 15 1142314

-

1149448 

PHAGE_Entero_fiAA91_ss

_NC_022750(2) 

44.04% 

* Completeness score is calculated by PHASTER based on gene content. The maximum 

score is 150. 
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Intergenic Region Presence-Absence also Varies with Geographic Origin. 

A pangenome constructed entirely using intergenic regions revealed that V. aestuarianus 

harbours 6,195 distinct intergenic region (IGR) clusters (Figure 4.4). Similarly to gene 

content, all IGRs variably present between Clades A and B are all found in isolates 01/308 

and 12/032. This observation is unsurprising since when large regions of genes are lost, so 

are the intergenic regions between them. However, in addition to this, a large number of IGRs 

shared between French isolates are not shared with Irish isolates. This is most striking in 

Clade B, where there are few differences in gene content between isolates from different 

countries. Overall, there are 99 IGR clusters found in French Clade A and B isolates but not 

in Irish Clade A and B isolates. We determined that these missing intergenic regions were 

mainly located beside multicopy genes such as transposons and integrases and close to contig 

breaks. Thus, these IGRs have likely not been detected where duplicated elements have not 

assembled correctly or have resulted in contig breaks in the 25 Irish isolates. As a result, 

general comparisons of IGR presence-absence between Irish and French isolates are 

incomplete due to misassemblies (Utturkar et al., 2017). 

Given this difficulty in drawing comparisons between IGR presence-absence in draft 

genomes, a more direct comparison was required. In addition to losing and gaining intergenic 

regions with the gain and loss of genes, diversity can be generated in genomes by altering the 

IGRs between genes. This process of “switching” IGRs can be detected using piggy (Thorpe 

et al., 2018). IGRs may be altered by either switching the IGR entirely, diverging by 

accumulating SNP’s, or by incurring an insertion or deletion. Overall, this population has 

accumulated 395 pairs of genes where the IGR in between has been altered in at least one of 

these ways (Figure 4.5). The majority of these switches are associated with altered IGRs in 

isolates that are highly diverged, namely isolates from cockles and isolates from Italy, Spain 

and the USA. Within and between Clades A and B, the level of intergenic switching is low. 

Within Clade B there are three IGRs that are divergent and eleven IGRs that have 

experienced insertions or deletions, eight of which appear to have occurred in the lineage 

established in Ireland (Figure 4.6, Table 9). No switches involving a complete IGR 

replacement were detected in Clade B. Clade A isolate O-0-0-16-10 is the only isolate with 

detectable switches where the entire IGR has been replaced within these two clades (Table 

10). These may represent differences between European and USA Clade A isolates.  

https://paperpile.com/c/DMRMs2/IAaVf
https://paperpile.com/c/DMRMs2/7PhBj
https://paperpile.com/c/DMRMs2/7PhBj
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Figure 4.4: IGR presence-absence of forty-five V. aestuarianus strains. 

An intergenic region pangenome of forty-five V. aestuarianus genomes constructed using 

piggy (Thorpe et al., 2018). Dark blue blocks indicate an IGR cluster is present in the 

corresponding isolate. Tree branches and heatmap rows are coloured by the country of 

isolation. A red box encompasses IGRs that are not shared between Clade A and Clade B. 

Notably, many IGRs present in French Clade A isolates have been lost in Irish Clade A 

isolates. However, many of these clusters are located where there are contig breaks and 

multicopy genes, indicating that variation in sequencing and assembly methods may be to 

blame for these differences. 

 

  

 

https://paperpile.com/c/DMRMs2/7PhBj
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Figure 4.5: Switch presence-absence and cluster variation in V. aestuarianus. 

A “switch” is called where an IGR cluster between two genes varies between isolates. In the 

above figures each column represents a switch that has been detected by piggy (Thorpe et al., 

2018), which are called in four ways; “switch”, “divergent”, “indel” or “false positive”. False 

positives occur when IGRs appear switched but have instead been sorted into different 

clusters erroneously. In the heatmap above columns represent gene pairs where at least one 

switch has been detected. Each IGR cluster associated with a particular gene pair is assigned a 

different colour. Gene pairs that are not present in an isolate are indicated in white. The 

number of gene pairs with variant IGRs per switch type is shown in brackets. For all switch 

types, isolates outside of the two major clades contribute most of the switches detected in the 

population. However, some differentiation has occurred in IGRs in Clade B isolates.  

 

 

Figure 4.6: Switched, Indel and Divergent IGRs unique to Clades A & B. 

Gene pairs with multiple IGR variants between isolates within each clade are displayed here. 

White blocks indicate that that gene pair is not present in an isolate. More information on 

each gene pair can be found in Tables 9 and 10. 

A) Five switches have occurred in Clade A, all involving USA isolate O-00-16-10. Four of 

these have occurred between gene pairs that are only present in isolates O-00-16-10 and 

01/115. Four pairs of genes have incurred insertions/deletions, while three gene pairs have 

IGRs variants that are significantly diverged.  

B) Three divergent IGRs were detected within Clade B. Eleven gene pairs were found to have 

IGRs that contain Indel’s within Clade B. Notably, these differences are mostly associated 

with either country of origin, or a subclade of five Irish isolates (16025, 26_S26, 16063, 

16059, 16034). Unusually, divergent IGRs are not strongly associated with the tree topology 

and may therefore be transferring horizontally between isolates in this clade.  

https://paperpile.com/c/DMRMs2/7PhBj
https://paperpile.com/c/DMRMs2/7PhBj
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Table 9: Gene and IGR information for Divergent, Indel and switched IGRs that occur 

within Clade B. 

Switch ID genes IGR clusters Gene products No 

isolates 

divergent 45 argA, NA Cluster_1644, Cluster_1662, 

Cluster_2581 

Amino-acid 

acetyltransferase, 

hypothetical protein 

34, 1, 10 

divergent 48 NA, NA Cluster_4102, Cluster_4106 hypothetical protein, 

hypothetical protein 

1, 15 

divergent 7 yafN, NA Cluster_113, Cluster_93 Antitoxin YafN, 

hypothetical protein 

27, 13 

insertion deletion 145 NA, NA Cluster_1897, Cluster_2930, 

Cluster_3547 

hypothetical protein, 

hypothetical protein 

1, 16, 24 

insertion deletion 163 NA, NA Cluster_395, Cluster_546 hypothetical protein, 

hypothetical protein 

8, 23 

insertion deletion 91 fbp, ppa Cluster_1530, Cluster_473, 

Cluster_799 

Fructose-1%2C6-

bisphosphatase class 1, 

Inorganic pyrophosphatase 

1, 6, 38 

insertion deletion 98 tupA, atoC Cluster_1831, Cluster_1840, 

Cluster_2263 

Tungstate-binding protein 

TupA, Regulatory protein 

AtoC 

35, 1, 9 

switch 22 NA, nagL Cluster_3295, Cluster_3296, 

Cluster_4885 

hypothetical protein, 

Maleylpyruvate isomerase 

4, 28, 1 

switch 36 NA, NA Cluster_4366, Cluster_5264 hypothetical protein, 

hypothetical protein 

1, 2 

switch 4 NA, NA Cluster_4223, Cluster_5094 N-6 DNA Methylase, 

hypothetical protein 

1, 2 

switch 86 NA, NA Cluster_5417, Cluster_5458 N-6 DNA Methylase, 

hypothetical protein 

1, 1 
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Table 10: Gene and IGR information for Divergent and Indel IGRs that occur within 

Clade A. 

Switch ID genes IGR clusters Gene products No 

isolates 

divergent 191 NA, bamC Cluster_5915, 

Cluster_5975 

hypothetical protein, Outer 

membrane protein 

assembly factor BamC 

14, 31 

divergent 45 argA, NA Cluster_1644, 

Cluster_1662, 

Cluster_2581 

Amino-acid 

acetyltransferase, 

hypothetical protein 

34, 1, 10 

divergent 63 NA, NA Cluster_3056, 

Cluster_3112 

hypothetical protein, 

hypothetical protein 

29, 1 

insertion deletion 1 gloC, NA Cluster_4325, 

Cluster_4888 

Hydroxyacylglutathione 

hydrolase GloC, 

hypothetical protein 

9, 36 

insertion deletion 

126 

ilvC, yqiC Cluster_1101, 

Cluster_2698, 

Cluster_2857 

Ketol-acid 

reductoisomerase 

(NADP(+)), putative 

protein YqiC 

32, 12, 1 

insertion deletion 

183 

bamE, 

rnfH 

Cluster_4692, 

Cluster_5913 

Outer membrane protein 

assembly factor BamE, 

Protein RnfH 

36, 9 

insertion deletion 55 adeP, gpt Cluster_5579, 

Cluster_6013 

Adenine permease AdeP, 

Xanthine 

phosphoribosyltransferase 

36, 9 

insertion deletion 9 polA, 

hemB 

Cluster_25, Cluster_59, 

Cluster_71 

DNA polymerase I, Delta-

aminolevulinic acid 

dehydratase 

4, 28, 13 

insertion deletion 92 nagK, NA Cluster_3830, 

Cluster_4210, 

Cluster_4675, 

Cluster_4782 

N-acetyl-D-glucosamine 

kinase, hypothetical 

protein 

5, 34, 5, 1 

insertion deletion 98 tupA, atoC Cluster_1831, 

Cluster_1840, 

Cluster_2263 

Tungstate-binding protein 

TupA, Regulatory protein 

AtoC 

35, 1, 9 

insertion deletion 59 uvrD, rhtC Cluster_28, Cluster_62, 

Cluster_99 

DNA helicase II, 

Threonine efflux protein 

10, 30, 4 

insertion deletion 

104 

NA, NA Cluster_2683, 

Cluster_3195 

hypothetical protein, 

hypothetical protein 

38, 1 

insertion deletion 

111 

dctP, NA Cluster_1338, 

Cluster_1585 

C4-dicarboxylate-binding 

periplasmic protein DctP, 

putative sugar-binding 

periplasmic protein 

9, 20 
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insertion deletion 40 NA, NA Cluster_3849, 

Cluster_4103 

hypothetical protein, 

hypothetical protein 

1, 1 

 

Two gene pairs have experienced intergenic region changes in both clades, tupA and atoC 

(insertion-deletion 98), and argA and a hypothetical gene (divergent 45). The gene pair tupA 

and atoC are oriented such that the modified IGR likely contains regulatory elements for both 

genes. TupA is the first protein in an operon that encodes an ABC-transporter system 

involved in tungsten uptake (Makdessi et al., 2001). AtoC is part of a two-component 

regulatory system involved in many key processes, including the regulation of flagellar 

genes. This system's expression is induced and activates motility and chemotaxis phenotypes 

in E. coli (Theodorou et al., 2012). In Clade B, the IGR between these two genes has 

experienced a deletion in all Irish isolates. The IGR modification labelled “divergent 45” 

shows high variability in Clade B. The IGR in this region has been switched in multiple 

isolates, suggesting that this region is highly flexible (Figure 4.6).  
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A Clone of V. Splendidus Was Detected in Ireland in 2009 

To place V. splendidus isolates appearing in Irish oysters within this species’ population 

structure, we compared these 18 strains to 102 V. splendidus strains available on the NCBI. 

The phylogeny of V. splendidus-like isolates revealed a large cluster of 95 isolates with a 

bush-like population structure, accompanied by multiple more diverse lineages (Figure 4.7). 

Of the newly sequenced strains, 15 are found within the large cluster, while three strains lie 

within the broader population. Although all isolates accessed via the NCBI were labelled as 

V. splendidus species, a phylogenetic comparison using 12 V. splendidus-like species 

reference genomes suggested that the more diverse isolates in this dataset are likely to have 

been misclassified (Figure 4.8). Thus, we have designated isolates 16040, 16042, and 16075 

as V. splendidus-like isolates. A cluster of five isolates recovered from four separate locations 

in Ireland show high similarity within this population (Figure 4.9). These isolates, which can 

be considered a single clone, differ by 28 SNPs on average across the core genome 

alignment, whereas the remaining 10 Irish isolates within V. splendidus sensu stricto differ by 

831,88 SNPs on average. One other lineage within V. splendidus is resolved, where all 

isolates were sourced from the same geographic area at the same time (USA: Massachusetts, 

Nahant, Canoe Cove in January 2010). 

The pangenome of V. splendidus contains 18,891 gene families, with a core genome of 3,513 

genes (95-100% of isolates) and 13,270 cloud accessory genes (fewer than 10% of isolates) 

(Figure S15). Forty-two gene families are unique to the five isolates belonging to the Irish 

clone (Table S11). These include 18 genes dispersed within a 35.6-Kb region (region 5 Table 

S11). Within this region lies a trio of resistance-related genes; cobalt-zinc-cadmium 

resistance protein, CzcA, a multidrug resistance protein, MdtA and an outer membrane 

protein, OprM. Multiple genes related to stress response and signalling are also found here 

including NreB oxygen sensor histidine kinase, CmpR a transcriptional activator involved in 

CO2 stress (Omata et al., 2001), HtpG a chaperone protein involved in general stress 

responses (Grudniak et al., 2015), a putative signalling protein and PdeB a gene implicated in 

biofilm formation (Chao et al., 2013).  

https://paperpile.com/c/DMRMs2/Zy0M0
https://paperpile.com/c/DMRMs2/p29iY
https://paperpile.com/c/DMRMs2/0F4rA
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Figure 4.7: V. splendidus core-genome phylogeny. 

A neighbour-joining tree of 120 V. splendidus-like isolates is shown and is coloured by 

country of isolation. The tree is annotated with the source of isolation. Publicly available 

samples mainly came from America and were sampled in seawater. The population structure 

of the dataset includes a large cluster of 95 genomes. Isolates from Ireland are distributed 

throughout this population. However, one cluster (clone) of five highly similar isolates was 

identified and is indicted using a blue bracket. 

 

Figure 4.8: Phylogeny of V. splendidus species complex. 

The reference genomes of thirteen species belonging to the V. splendidus complex were 

combined with the 120 V. splendidus genomes used previously. Above is a neighbour-joining 

tree constructed using a core genome alignment of these genomes. V. splendidus sensu strico, 

containing the V. splendidus reference strain, is collapsed and represents 107 isolates. Eleven 

isolates identified as V. splendidus species in the NCBI that do not fall within V. splendidus 

sensu stricto, are more similar to V. splendidus-like reference genomes. Similarly, three 

genomes isolated in Ireland – 16075, 16040 and 16042 – are not found within V. splendidus 

sensu stricto.  
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Figure 4.9: Subtree of V. splendidus reveals a cluster of five highly similar isolates in 

Ireland. 

A. A subtree of 19 V. splendidus isolates including five isolates with high similarity. 

Tree tips are coloured by country and annotated with the source of isolation. 

B. Map of the five related V. splendidus strains shows these isolates were not recovered 

in the same locations. The number of isolates per site weights nodes. 
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DISCUSSION  

Multiple Vibrio species have been linked to summer-mortality syndrome in Irish oyster farms 

(Garnier et al., 2007). We set out to see how Vibrio strains causing this disease in Ireland 

compare to isolates causing similar issues elsewhere. We sequenced 25 V. aestuarianus and 

18 V. splendidus-complex strains from around Ireland and compared them to collections of 

publicly accessible sequences. The contrasting evolution of virulence in each of these species 

became apparent. 

Two V. Aestuarianus Clades Responsible for Summer-Mortality Syndrome in France 

Are Found in Ireland. 

We discovered that all Irish V. aestuarianus strains are highly similar to summer-mortality 

related clades that had previously been identified in France (Goudenège et al., 2015). 

Transmission between these two countries has likely facilitated the spread of this disease to 

Irish farms. Oyster larvae used in Irish farms is imported mainly from French hatcheries 

(BIM 2019). Select sites in Ireland specialise in growing and distributing partly grown 

oysters to other farms. Both practices present possible disease transmission avenues between 

France and Ireland, and between locations in Ireland.  

V. aestuarianus Species Diversity 

V. aestuarianus has not yet been sequenced in high numbers, and the population structure is 

not well known. Goudenège et al. (2015) have produced phylogenies using both WGS and a 

partial gene sequence alignment that identify Clades A & B mentioned above. However, the 

inclusion of three other isolates from outside France and the cockle host revealed there is 

more diversity within the species. Here we show that three additional isolates taken from 

cockles in France are each genetically distinct, signifying that much more diversity within V. 

aestuarianus exists. As all Irish isolates belong to Clades A & B, this study is also biased 

towards these two clades.  

The type strain LMG 7909, isolated in the USA, is the most distant strain from Clades A & B 

in the species population presented here. In 2008, a study comparing isolates from French 

oysters to LMG 7909 classified these strains as separate subspecies; V. aestuarianus subsp. 

francensis and V. aestuarianus subsp. aestuarianus, respectively (Garnier et al., 2008). 

Garnier et al. were able to determine multiple phenotypic differences in these isolates to 

support separate subspecies classification. Although we have confirmed that these isolates are 
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genetically dissimilar, we can also see that many isolates fall between these two supposed 

subspecies in the population phylogeny. 

Further phenotypic and phylogenetic studies would be required to confirm these subspecies’ 

classification. These studies could determine if the markers identified by Garnier et al. vary 

between all divergent isolates sequenced here or if they are uniquely different in oyster 

pathogen lineages. It is possible that clades A & B, or V. aestuarianus subsp. francensis, 

alone have undergone these morphological and phenotypic changes as they have evolved into 

effective oyster pathogens. 

Interestingly, one isolate sampled in the USA at an unknown date belongs to Clade A. This is 

significant as it indicates that summer-mortality syndrome-related strains of this species are 

not exclusive to Ireland and France and may have a wide geographic spread. Understanding 

the broader species diversity and the prevalence of oyster pathogen clades in other countries 

would require focused sequencing of isolates from a more comprehensive host and 

geographic range. 

French Clade B Strains Have Large Genomes and Carry Genes Not Found in Irish 

Clade B Isolates 

Clades A and B have acquired many gene families that they do not share. This is expected as 

diverging lineages recombine and alter their gene content (Rocha, 2008). However, rather 

than hosting only genes unique to their lineage, two Clade B isolates found in France also 

carry most of the genes unique to Clade A. As we have determined that the two French 

isolates are likely basal to Clade B, isolates that established in Ireland may have first lost all 

of these genes. Vibrio genomes are highly flexible, and genomic islands play essential roles 

in evolution in the species (Quirke et al., 2006; Chun et al., 2009; Naka et al., 2011; 

Rodriguez-Valera et al., 2016). These are clusters of genes that can encode ecologically 

advantageous functions, are located on the chromosome and are horizontally acquired. In this 

case, what is unusual is the loss of multiple genomic islands over a short evolutionary 

timeframe.  

Many of the gene families lost in Irish Clade B strains are associated with phages in Clade A 

isolate 02/041. A simultaneous purge of these phages could explain these gene families’ 

sudden absence. The remaining genes are mainly grouped into sequences with at least two 

genes and are spread throughout the genome. Although most of these are located close to 

potential mobile elements such as integrases, it is unclear how they have been lost.  
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Goudenège et al. found that a frameshift mutation, altering one regulatory gene, explained a 

change in virulence in summer-mortality syndrome strains of V. aestuarianus. Another 

strategy bacteria have for varying their gene expression is altering intergenic regions which 

carry promotors and essential gene regulatory elements for neighbouring genes (Oren et al., 

2014; McNally et al., 2016; Thorpe et al., 2018). We used piggy (Thorpe et al., 2018) to 

examine the prevalence of such changes within pathogenic clonal groups in this species and 

inspect the composition of intergenic regions in the whole population. This program 

identifies regions between genes that have either switched entirely, diversified, incurred an 

insertion or deletion. Further insights on the variability of virulence and other phenotypic 

characteristics could be carried out if this approach is combined with comprehensive 

phenotypic data. Significant changes in intergenic regions have been rare within summer-

mortality associated Clades A & B. Only three entirely “switched” intergenic regions were 

identified in these clades. These were all associated with Clade A’s transmission to the USA, 

mainly involving horizontally acquired genes shared with one isolate – 01/308. A small 

number of intergenic regions have diversified or have experienced insertion-deletion events 

within these two clades. Although alterations in intergenic regions are rare within these clonal 

groups, these changes have accumulated between lineages in the population, illustrating that 

IGRs contribute to genetic and possibly phenotypic diversity in this species.  

Within the intergenic region, pangenome of V. aestuarianus, French Clade B strains carry 

more sequences than Irish Clade B strains. This is similar to the observations made above, 

where many gene families are not shared between these genomes and reflects the 

simultaneous movement of genes and their neighbouring IGRs. However, we also noted that 

many IGR clusters found in isolates from France were not present in the genomes sequenced 

for this study. Due to these IGR’s positions in the genome, it is likely that they are present in 

those isolates but did not assemble correctly. Goudenège et al. (2015) noted that sequencing 

of the strains isolated in France was hindered by many transposable elements and a sizeable 

super integron. We conclude that the methodology followed here has been less successful at 

assembling these isolates, which carry highly repetitive regions. Since genome quality can 

impede the study of IGRs, general comparisons between draft genomes of varying quality are 

not entirely reliable. However, such studies would be robust when conducted using complete 

genomes. Identifying switched regions returns reliable comparisons regardless of the level of 

sequencing available since only genes which are present together in multiple strains are 

compared (Thorpe et al., 2018). 



Chapter 4 

120 

 

Vibrio Splendidus Complex Isolates Are Diverse, but a Small Clade Was Detected in 

2009 

Since V. splendidus strains isolated from oysters in other studies have suggested that they are 

usually non-clonal (Nasfi et al., 2015), we set out to compare Irish strains within the context 

of the whole species. While there are currently a limited number of V. aestuarianus genomes 

available publicly, a much greater set of V. splendidus samples are accessible for comparison. 

However, the isolates available were almost entirely sampled in the USA and likely only 

scratch the surface of the diversity present within this widespread species (Thompson et al., 

2005; Le Roux et al., 2009; Nasfi et al., 2015). Although other typing methods have been 

used to study the phylogeny and diversity of V. splendidus, the detail and flexibility provided 

by WGS warrants further sequencing efforts (Nasfi et al., 2015; Bayliss et al., 2017; Yang et 

al., 2019). Despite this limitation, we determined that isolates from Ireland are mainly 

unrelated and distributed throughout the population. This diversity of pathogenic lineages 

contrasts with the clonal structure of the V. aestuarianus strains affecting oysters in Ireland. It 

is not evident here that V. splendidus has contributed to the death of the oysters they have 

been sampled from since other pathogenic agents have also been detected alongside these 

strains. Thus, this level of diversity is reflective of the variation within the species in Irish 

waters. The phylogeny of V. splendidus as a species shows little structure and indicates that 

this species has a large effective population size (Yang et al., 2018; Cui et al., 2015).  

The V. splendidus clade represents the largest clade within the Vibrio genus (Sawabe et al., 

2013). The latest attempt to assess species diversity in the V. splendidus clade has identified 

at least 17 unique species (Pérez-Cataluña et al., 2016). The identification and classification 

of these species are difficult due to their similarity (Travers et al., 2015). Thus, it is 

unsurprising that at least eleven of the V. splendidus species genomes accessed from the 

NCBI have been misidentified and are instead V. splendidus-like isolates. Three isolates 

recovered from Irish oysters are also V. splendidus-like isolates, falling outside of the V. 

splendidus species clade. Here we showed that the three V. splendidus-like isolates recovered 

from Irish oysters are likely distinct species, showing closest similarities with V. 

crassostreae, V. lentus, and V. cyclitrophicus. Although this analysis places these isolates 

within the V. splendidus clade, we have not attempted to identify these isolates at a species 

level.  
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Within the V. splendidus species we uncovered a small clonal group of five isolates, sampled 

in four distinct locations across Ireland. At the time of writing, this event is the first known 

example of a clonal expansion affecting multiple farms in this species associated with oyster 

mortality (Nasfi et al., 2015; Thompson et al., 2005). The clone appeared in 2009. Genes 

unique to these isolates related to stress responses and antimicrobial resistance may have 

played a role in this strain’s success. Given this species’ expansive diversity, it would require 

a comprehensive sampling of diseased oysters to determine if this clone could persist after 

this time (Thompson et al., 2005; Nasfi et al., 2015). This finding could suggest that although 

V. splendidus is an opportunistic pathogen in oysters with incredible diversity, there may be 

clonal groups that appear, proliferate, and are responsible for multiple outbreaks. However, 

the appearance of this clone is more likely to reflect the extensive trade of oysters of multiple 

age classes between sites in Ireland. If this clonal group has not contributed directly to 

mortality, its appearance in multiple outbreaks highlights how bacterial strains that do cause 

issues, such as the V. aestuarianus Clades discussed here, can be transmitted from one site to 

another. 

CONCLUSION 

Vibrio aestuarianus and Vibrio splendidus are responsible for ongoing mortality events in 

Irish oyster farms. V. aestuarianus mortalities are associated with clonal groups whose 

transmission between Ireland and France we have established here. In contrast, a diverse 

array of V. splendidus clade strains have been associated with moribund oysters, although 

their role in mortality has not been determined. Despite this, we have identified a small clonal 

group within the V. splendidus species that proliferated in 2009. This group’s discovery 

suggests that although virulence is widespread within this species, particular clonal groups 

can emerge and may be responsive to human facilitated transmission between farms. Like 

many Vibrio species, both species have large and open pangenomes with significant gene 

content variation between strains. We determined that substantial gene content changes have 

occurred with transmission between countries in V. aestuarianus. Genes associated with 

stress response and antimicrobial resistance have been acquired by the V. splendidus clonal 

group, which potentially contributed to this lineage’s success. Summer-mortality syndrome is 

an enduring issue for oyster farming in Ireland. Continued sequencing of Vibrio isolates 

responsible for the disease in Ireland and elsewhere will facilitate accurate surveillance of 

these bacteria’s transmission and evolution. 
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ABSTRACT 

The Vibrio anguillarum-complex comprises three important marine organism pathogens; V. 

anguillarum, V. ordalii and V. aestuarianus. In previous chapters, we have contributed many 

novel whole-genome sequences for two of these species and discovered multiple major 

events that have impacted their genome evolution. Here, we have combined all known 

genomes from this clade and assessed gene content variation on a fine-scale between species. 

To do so, we have applied the pangenome concept to multiple elements in the genome; 

coding regions (CDS), intergenic regions (IGR), tRNAs and rRNAs. By combining these 

genome components, we have been able to interrogate the extent to which IGR gene 

relationships can vary within each species. In addition, we have used gene-by-gene 

comparisons to examine a taxonomically ambiguous strain with similarity to both V. ordalii 

and V. anguillarum. 

INTRODUCTION 

Horizontal gene transfer is a significant source of variation driving genome evolution in 

prokaryotic organisms and can result in considerable differences in gene content between 

closely related strains. The Pangenome concept, conceived in 2005, represents the full 

complement of genes in a population, whether core or accessory (variably present or absent) 

(Medini et al., 2005; Tettelin et al., 2005). One of the benefits of whole-genome studies is the 

opportunity to characterise the entire gene repertoire in a population. Since the pangenome 

concept was first presented, many different computational tools have been compiled to try to 

accurately represent the pangenome of any set of whole-genome sequences (Bayliss et al., 

2019; Gautreau et al., 2020; Tonkin-Hill et al., 2020; Zhou et al., 2020). Most rely on 

extracting all coding regions from an annotated set of genomes and clustering closely related 

sequences. Almost all of these tools rely solely on the study of protein coding regions, while 

information around non-protein-coding regions such as IGRs tRNA’s and rRNAs are lost. 

Initially, these tools relied entirely on defining homologs individually, without referring to 

location information for each gene to provide context to gene content changes. More recent 

tools have addressed this to allow for a more accurate evaluation of paralogous sequences and 

genomic islands (Bayliss et al., 2019; Bazin et al., 2020; Gautreau et al., 2020; Tonkin-Hill et 

al., 2020).  
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While rich in evolutionarily relevant information, protein-coding region-centric approaches to 

the pangenome leave some questions unanswerable. For example, Oren et al. in 2014 

discovered that intergenic regions (IGRs) between two genes could change, in a process 

called “switching”, a change with a direct impact on gene expression (Oren et al., 2014). In 

2018 Thorpe et al. (2018) introduced a pipeline that produced a pangenome, analogous to that 

produced by the widely utilised Roary pipeline, that was dedicated to studying IGRs. In 

addition to this, they incorporated information from the coding region pangenome, and in 

doing so, they were able to use immediate neighbour information to find changes in IGRs 

between orthologous genes (McNally et al., 2016; Thorpe et al., 2018). Thus, the biologically 

impactful process of switching discovered by Oren et al. could be detected in any population 

using this tool (Oren et al., 2014; McNally et al., 2016; Thorpe et al., 2018). This relied on 

studying IGRs that appear between the same orthologous genes across isolates. Here we 

expand on this to investigate the mobility (‘promiscuity’) of IGRs, independently of specific 

gene clusters. 

Integrating RNAs into a pangenome analysis was difficult before now since pangenome 

construction tools tend to rely on amino acid sequences. PIRATE, a tool conceived to 

improve Roary’s coding region clustering methodology, was compiled to cluster any 

annotated sequences using either amino acid or nucleotide sequences (Bayliss et al., 2019). 

Thus, PIRATE provides the capability of compiling a pangenome for RNAs. Genomes tend 

to contain multiple copies of RNA loci, which can lead to contig breaks in draft genome 

assembly. Hence this capability will be more beneficial when applied to complete rather than 

draft genomes.  

Here we demonstrate that by using piggy and PIRATE, we can construct a pangenome that 

encompasses much more of the genome than protein-coding regions and use this approach to 

examine the whole-genome pangenome of the Vibrio anguillarum-complex.  

The V. anguillarum-complex contains three commercially important pathogenic Vibrio 

species; V. anguillarum, V. ordalii and V. aestuarianus (Sawabe et al., 2013). Previous 

chapters were dedicated to sequencing strains from both V. anguillarum and V. aestuarianus. 

V. anguillarum and V. ordalii are very closely related species. In 2016 a multilocus sequence 

analysis (MLSA) study reported isolates intermediate to these two species (Steinum et al., 

2016). Interestingly, these isolates have shown phenotypic similarities to V. ordalii while 

closely resembling V. anguillarum in DNA-DNA hybridisation (DDH) and MLSA sequence 
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analyses. One of these isolates, FF-167, was initially identified as V. ordalii. Steinum et al. 

(2016) concluded that this strain’s taxonomic classification is ambiguous.  

We propose that there are two possible reasons for this phylogenetic ambiguity. One 

hypothesis is that this isolate and others that appear intermediate to both species are a result 

of hybridisation events. For example, the species V. vulnificus is split into two major 

biotypes. However, a third biotype was detected that was found to be a hybrid of Biotypes I 

and II (Bisharat et al., 2005). This hybrid Biotype III is highly pathogenic and was 

responsible for an outbreak in humans in Israel from 1995 to 2003. A hybridisation event 

such as this would be characterised by the presence of long tracts of many genes with high 

similarity to V. ordalii. Another hypothesis is that FF-167 is a more diverse strain of V. 

anguillarum. In this case, we might still expect to see genes with greater similarity to V. 

ordalii in the genome of FF-167 but they would be randomly distributed in the genome. 

These genes would remain in the genome of FF-167 as result of gene flow between V. 

anguillarum and V. ordalii, or incomplete lineage sorting. Incomplete lineage sorting refers 

to a phenomenon of speciating populations where ancestrally diverse alleles of genes are not 

completely segregated into diverging lineages. Thus, each resulting lineage can each carry 

multiple alleles similar to the ancestral population. 

We have combined all available V. anguillarum and V. aestuarianus genome sequences, 

along with two genomes from the V. ordalii and isolate FF-167 to form one dataset 

encompassing the V. anguillarum species complex. 

The aims of this chapter are to: 

i. Clarify the phylogenetic position of the strain FF-167 and to understand its 

evolutionary history. 

a. Hypothesis 1: FF-167 is a hybrid of V. anguillarum and V. ordalii. 

b. Hypothesis 2: FF-167 represents more diverse V. anguillarum isolates. 

ii. Dissect the pangenome diversity of the V. anguillarum complex, including IGRs 

and RNA loci. 

iii. Investigate the level of IGR promiscuity within and between genomes. 
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METHODS 

Construction of a V. anguillarum Clade Whole-Genome Dataset 

To assess the gene content variation in the V. anguillarum-clade, we combined datasets 

compiled in previous chapters. One hundred and five genomes explored in Chapters Two and 

Three represent the V. anguillarum species. V. aestuarianus is represented by 45 isolates 

studied in Chapter 5. In addition to this, we have included two V. ordalii strains, ATCC33509 

and Vib415, and an isolate with ambiguous species designation FF-167 (Table S12). This 

isolate was identified initially as V. ordalii, but it has shown a closer genetic identity to V. 

anguillarum.  

Pangenome Construction 

We used PIRATE (Bayliss et al., 2019) to construct extensive pangenomes. We applied a 

unique feature of this tool to construct pangenomes for coding regions, tRNAs, and rRNAs 

and IGRs. Since most programs dedicated to pangenome construction and analysis rely on 

amino acid sequences, they are not suitable for evaluating nucleotide sequences such as RNA 

genes. We adapted PIRATE to pre annotate GFF files with intergenic region annotations to 

allow for intergenic region clustering. Also, we used piggy, an intergenic region clustering 

program, to construct a pangenome of intergenic regions. An in house Perl script was used to 

coordinate the construction of each feature pangenome and combine CDS, tRNA and rRNA 

clusters for input to piggy (Supplementary script 1). To determine each pandemic matrix’s 

openness, we used the micropan R package to apply Heap’s law (Chapter 1)(Tettelin et al., 

2008; Snipen and Liland, 2015). R version 4.0.3 was used to conduct permutations and graph 

accumulation curves of each species pangenome. 

To construct pangenome trees of the two main species clusters, we first translated a binary 

presence-absence matrix of gene clusters into a fasta-like sequence where gene presence is 

represented as a “C” and absence is represented by an “A”. This pseudo alignment was then 

used as an input to rapidNJ, to produce a neighbour-joining tree. A script within PIRATE was 

adapted to apply this method to piggy outputs. For V. anguillarum and V. ordalii we also 

calculated a pangenome network using Panini (Abudahab et al., 2019). This method provides 

a similar clustering method by gene content similarities and supports the results of tree-based 

methods. It relies on a t-distributed stochastic neighbour embedding algorithm to help 

visualise gene content variation in the population. However, this is only available for datasets 

with more than 100 genomes and was therefore not available to assess V. aestuarianus. We 
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used Phandango and Microreact to visualise pangenome matrices, gene content phylogenies 

and presence-absence networks (Hadfield et al., 2017; Argimón et al., 2016).  

Phylogeny and Comparisons of V. anguillarum and V. ordalii and Isolate FF-167 

To assess the phylogenetic relationship between V. anguillarum, isolate FF-167 and V. 

ordalii in more detail, we constructed a maximum likelihood tree using methods discussed in 

Chapter two. We used Disty (Brinda, 2017) to compute distances between strains within gene 

families identified by PIRATE. These distances were compared and clustered in using R 

version 4.0.03 (R Core Team, 2015). We used OrthoANI to assess the genome-wide identity 

between strains (Lee et al., 2016).  

Virulence Genes  

We used ABRicate version 0.8 (Seemann, n.d.) to search genomes for virulence-related 

genes. This method uses BLAST-based methodology to identify homologs of user-defined 

gene sets in genomes. Castillo et al. (2016) compiled a list of 243 virulence-related genes in 

V. anguillarum. We assembled a nucleotide sequence dataset of these genes from the 

reference isolate 775 to use as a dataset in ABRicate. After running ABRicate using default 

settings of 70% nucleotide identity, we visualised the results in Phandango (Hadfield et al., 

2017). 

Integrome and Pangenome Integration  

In order to probe the immediate gene neighbourhoods of IGR clusters, we integrated gene 

and IGR information from piggy and PIRATE pangenome outputs. Importantly, since 

PIRATE can assess both nucleotide and coding regions, CDS and RNA gene families were 

considered (Supplementary script 1). An in-house python script (Supplementary script 2). 

was developed to search all pangenome outputs and assign appropriate gene clusters to each 

gene neighbour of an IGR. Thus, for every occurrence of an IGR, the gene clusters 

surrounding it were known. Next, we took each IGR cluster and counted the number of 

different gene cluster pairs associated with that IGR (Supplementary script 3). 
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RESULTS 

Phylogeny of the V. anguillarum Complex 

We have compiled a dataset of 153 whole-genome sequences for the V. anguillarum clade 

comprising V. anguillarum, V. aestuarianus and V. ordalii. Using a core coding region 

genome alignment constructed using PIRATE (Bayliss et al., 2019), we were able to visualise 

the clade’s core genome phylogeny. As expected, V. anguillarum and V. ordalii are very 

closely related species and share much more genomic identity with each other than V. 

aestuarianus (Figure 5.1). 

 

Figure 5.1: Phylogeny of the V. anguillarum clade WGS strains. 

A Rapid Neighbour Joining tree of 153 isolates of available V. anguillarum-clade strains is 

shown (Simonsen et al., 2008). Isolates are coloured by lineages as identified in Chapters 

Two and Four. 

FF-167 Is Basal to the V. anguillarum Species 

We have confirmed via whole-genome phylogenetics that isolate FF-167 is most closely 

related to V. anguillarum and is basal to the species (Figure 5.1 & Figure 5.2). We used 

OrthoANI to assess the pairwise similarity of genomes from each species and FF-167 (Table 

11). Isolate FF-167 shows very high similarity to V. anguillarum with an OrthoANIu value of 

98.33% against reference strain 775 and 98.32% against the most closely related V. 

anguillarum strain, Vib115 (Figure 5.2), although the genome coverage alignable regions was 
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low for isolate Vib115 (69%). Similarly, the OrthoANI value obtained when comparing these 

two distant V. anguillarum strains is 98.37%, where 61.5% of isolate Vib115 is comparable. 

Compared to V. ordalii, isolate FF-167 shows a similarity of 97.24%, where V. anguillarum 

strains are 96% similar to V. ordalii using this method, confirming that V. ordalii is situated 

outside of the V. anguillarum clade and is not FF-167’s closest relative.  

We attempted to determine whether a significant recombination or hybridisation event was 

responsible for the emergence of isolate FF-167 by comparing gene nucleotide diversity. We 

calculated the nucleotide divergence of every gene present in isolate FF-167 between V. 

anguillarum, V. ordalii and isolate FF-167. Then, we labelled genes by their proximity to 

isolate FF-167 (Figure 5.3). Genes where isolate FF-167 more closely resembled V. 

anguillarum were labelled as “predicted V. anguillarum” genes, and those resembling V. 

ordalii were labelled “predicted V. ordalii”. Genes in FF-167 that are distinct from both 

species, are labelled as “divergent in FF-167”, and others that were similar in all species were 

labelled as “diverging equally”. We then mapped all genes present in isolate 775 onto the FF-

167 genome to examine whether the genes corresponding to these categories were clustered 

(which would be indicative of recombination) or else randomly scattered across the genome. 

1,474 genes were most similar to V. anguillarum, with 489 showing higher similarity to V. 

ordalii. Only 89 genes were distinct in isolate FF-167. This includes genes that have 

diversified in FF-167 or have been acquired from unrelated species. Each gene type is evenly 

distributed throughout the genome of isolate 775, ruling out the possibility of a significant 

recombination event. Although we cannot rule out the possibility of many individual 

recombination events contributing to genes related to V. ordalii, many of these genes likely 

remained in isolate FF-167 due to incomplete lineage sorting (Pamilo and Nei, 1988). Thus, 

we conclude that FF-167 is not a hybrid strain of V. ordalii and V. anguillarum. Instead, it is 

likely representative of more diverse lineages of V. anguillarum. 
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Figure 5.2: A Maximum likelihood tree of V. anguillarum and V. ordalii. 

A tree of V. anguillarum and V. ordalii isolates. This analysis suggests that when considering 

the whole-genome isolate FF-167 closely resembles V. anguillarum. However, it is basal to 

that species clade.  
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Figure 5.3: Nucleotide identity differences in coding regions do not indicate that isolate 

FF-167 has experienced a large recombination event. 

A) The scatterplot shows each gene’s nucleotide identity in the pangenome for isolate 

FF-167 (intermediate) vs V. ordalii and V. anguillarum. Points coloured blue are 
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more closely related to V. anguillarum. Points coloured red are more closely 

related to V. ordalii. Grey points are points where V. ordalii and V. anguillarum 

more closely resemble each other than isolate FF-167. 

B) An illustration of different gene histories associated with isolate FF-167. Genes 

that most closely resemble V. anguillarum in isolate FF-167 are labelled 

“predicted” V. anguillarum. Similarly, for V. ordalii. Other genes that do not 

resemble either species have either been diversifying in FF-167 or acquired from 

an external source. The majority of genes show high similarity to V. anguillarum  

C) The distribution of each gene across the genome of V. anguillarum isolate 775. 

D) The nucleotide identity distributions for 489 “predicted V. ordalii” genes. FF-167 

and V. ordalii each have a similar distribution of nucleotide identities against V. 

anguillarum.  

E) The nucleotide identity distributions for 1,474 “predicted V. anguillarum” genes. 

For these genes, FF-167 and V. anguillarum are both similarly distant from V. 

ordalii. 
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Table 11: OrthoANIu comparisons for intermediate isolate FF-167. 
 

FF-167 vs 775 

(V. ang) 

FF-167 vs 

Vib115 (V. ang) 

FF-167 vs 

V. ordalii 

FF-167 vs 

V. aes 

OrthoANIu value (%) 98.33 98.32 97.24 79 

Genome A length (bp) 3,335,400 3,335,400 3,335,400 3,335,400 

Genome B length (bp) 4,050,420 3,865,800 3,101,820 4,196,280 

Average aligned length (bp) 3,188,555 2,301,808 2,935,937 1,807,802 

Genome A coverage (%) 95.6 69.01 88.02 54.2 

Genome B coverage (%) 78.72 59.54 94.65 43.08 

 
V. ordalii vs 775 

(V. ang) 

V. ordalii vs 

V. aes 

775 (V. ang) vs 

Vib115 (V. ang) 

775 (V. ang) 

vs V. aes 

OrthoANIu value (%) 96.85 80 98.37 79.14 

Genome A length (bp) 3,101,820 3,101,820 4,050,420 4,050,420 

Genome B length (bp) 4,050,420 4,196,280 3,865,800 4,196,280 

Average aligned length (bp) 2,974,072 1,738,059 2,492,765 1,940,785 

Genome A coverage (%) 95.88 56 61.54 47.92 

Genome B coverage (%) 73.43 41 64.48 46.25 

 

The V. anguillarum-Complex Pangenome 

Here we have constructed the pangenome of the Vibrio anguillarum-complex using four 

different genome features: coding sequences (CDS), intergenic regions (IGR), rRNAs and 

tRNAs (Figure 5.4). Together the 153 genomes carry 14,505 distinct protein-coding region 

families (Figure 5.5 & Figure 5.6). Of these, 2,520 are core to all isolates, 17.37% of the 

pangenome. This is almost as many core genes as when V. anguillarum and V. aestuarianus 

are considered individually (n= 2,717 and n= 2,947 respectively); thus, the core of V. 

anguillarum approximates to the core of the wider complex. The accessory genome 

computed in the clade as a whole was 12,028, which is similar to the 13,784 found in both 

species pangenomes combined.  
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Figure 5.4: Applying the pangenome concept to CDSs, IGRs and RNAs. 

A pangenome is compiled individually for multiple different features in the genome - 

coding sequences (CDS), RNAs and intergenic regions (IGR). Information from each 

is used in parallel to reveal localised changes between genomes. This involves the 

following steps as shown above: 1. Annotating genomes so that coding regions and 

RNAs are located. 2. Extracting sequences for each sequence category from the 

annotated files. 3. Combining sequences from multiple genomes. 4a. Clustering 

sequences to identify homologous groups. 4b. Examining the presence/absence of 

each sequence cluster. From here, a core genome can be constructed, and the 

accessory genome defined. 5. Utilising the relative positions of genes and IGRs in 

each isolate to identify changes likely caused by rearrangements, duplications or 

recombination. Changes can be detected where the gene flanking an IGR in one 

isolate is classified in a different sequence cluster then the gene flanking the same 

IGR in another isolate. Similar comparisons can identify changes in synteny of tRNAs 

and IGRs. 

While differences in gene content between V. anguillarum and V. ordalii have been studied 

previously (Naka et al., 2011), here, we can use the entire dataset of V. anguillarum genomes 

to more precisely determine what genes are only found in V. ordalii. We identified 130 gene 

families in the pangenome of the whole species complex are found in both V. ordalii 

genomes Vib451 and ATCC33509, but which are not present with any V. anguillarum 

strains. This includes eleven groups of at least three co-localised genes in isolate 

ATCC33509. One of these harbours six genes that code for an Na+/H+ antiporter – 

mrpACDEG and mnhF1. Other genes of interest unique to V. ordalii include a swarming 

motility protein and a previously unknown pilus type IV secretion system locus. This occurs 

in addition to the type IV pilus secretion system already defined in V. anguillarum (Frans et 

al., 2013). Two-hundred and seven gene families are core to V. anguillarum and absent in V. 

ordalii. This notably includes a region of twelve genes that include the metalloprotease gene 

prtV, ferrichrome transport genes fhuABCD, and haemolysin genes hlyA and hlyC. 

One-hundred and ninety-six gene families are core to V. anguillarum and absent in V. 

aestuarianus (Figure 5.6). Of those present in isolate 775, one-hundred and eight of these are 

located on chromosome one, while eighty-eight are found on chromosome two. These include 

multiple gene clusters involved in iron transport – ferrichrome transport genes fhuABCD, 
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enterobactin genes entS and entD – and chemotaxis genes mcpP and cheABDRWY. Thus, 

both V. ordalii and V. aestuarianus lack genes required for iron acquisition, a strategy known 

to be highly important for V. anguillarum pathogenicity. 

Furthermore, V. aestuarianus carries 275 core genes independently of V. anguillarum and V. 

ordalii (Figure 5.6). In isolate 02/041, one hundred sixty-five of these occur on scaffold 

chromosome one, and ninety-six occur on scaffold chromosome two. Many of these are pilus 

related proteins, including TcpA, TcpT, TpcE, and a pilus associated type II secretion system 

loci (Abby et al., 2016; Peabody et al., 2003). In Chapter Four tungstate transport genes, 

tupABC, and AtoC/AtoS were found to be prone to intergenic switching events. This cluster 

of gene families can only be found in V. aestuarianus.  

Many putative virulence genes have been identified in V. anguillarum (Naka et al., 2011; 

Castillo et al., 2017). Most are conserved within the V. anguillarum species (Figure 5.7). FF-

167 is harbouring fewer of these genes than any other V. anguillarum strain (n = 207), while 

V. ordalii strains carry even fewer (n = 189). A type IV secretion system locus, composed of 

21 genes and located on chromosome one of isolate 775, has a variable distribution in the 

population. Notably, each of the more prominent pathogenic lineages – L1, L2, L3 and L4 – 

all carry this gene cassette, and it is core to V. aestuarianus. In isolate 775, these genes are 

located on a genomic island flanked by transposases, which likely aids its transmission 

between genomes (Supplementary Figure S16).  

This is one of two type VI secretion system (T6SS) loci identified in V. anguillarum. The 

second, located on chromosome two, is conserved in all isolates in this species, including 

isolate FF-167. As noted in Naka et al. (2011), both T6SS loci are absent in V. ordalii. 

Despite being heavily involved in virulence in many bacterial species, T6SS have instead 

linked to quorum sensing and stress responses in V. anguillarum (Tang et al., 2016; Weber et 

al., 2009). Interestingly, a study by Tang et al. 2016 discovered differences in the expression 

of T6SS related effector protein Hcp between a small sample of serotype O1 and non-

serotype O1 strains. They noted that non-pathogenic strains constitutively expressed this 

effector and suggested that it may confer a competitive advantage over other bacteria in the 

marine environment. This study centred around the non-O1 isolate MHK3, which carries only 

the chromosome two affiliated T6SS II (Accession CP022468.1) (Supplementary Figure 

S16). Thus, it is possible that acquiring the T6SS I gene cassette in addition to the ancestrally 

acquired T6SS II may alter this phenotype. In addition, although T6SS II has not been linked 
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to virulence, and since T6SS I is present in virulent lineages, it could be contributing to 

virulence in those strains.  

The T6SS II is partially recovered in five non-Clade A and Clade B V. aestuarianus isolates 

12_122_3T3, 15_075_3T2, KB19, LMG_7909, and U17. Non-Clade A and Clade B isolates 

are also the only V. aestuarianus strains that carry the following genes: an iron-regulated 

outer membrane virulence protein, a phospholipase C gene, two methyl-accepting chemotaxis 

proteins, and a single flagellar protein. Of the 243 genes linked to virulence in V. anguillarum 

167 are found in V. aestuarianus. One hundred and nine are found in all V. anguillarum 

genomes, while 98 of those are shared with V. ordalii and isolate FF-167. These 98 genes are 

therefore ancestral to the V. anguillarum-clade. The majority of these genes are involved in 

motility and chemotaxis while also including pili-related genes. Notably, the metalloprotease 

gene empA is present in all strains. 

 

Figure 5.5 V. anguillarum clade strains share a high number of core gene families. 

A pangenome of gene families constructed using PIRATE is shown for V. anguillarum clade 

strains. The species and lineage of each strain are shown. Gene families are coloured blue if 

present and are ordered by the number of isolates. All isolates in the clade share a significant 

amount of gene families. 
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Figure 5.6: Venn diagram summary of CDS gene families distributed across each Vibrio 

species in the V. anguillarum complex. 

The Venn diagram above represents the number of gene families in the CDS 

pangenome of the V. anguillarum complex, as they are found across three species and 

one intermediate isolate FF-167. The number of isolates in each set is shown in 

brackets. The percentage of gene families in the overall pangenome is displayed in 

brackets for each intersection of the Venn diagram. The number of core genes across 

all isolates is indicated in the intersection of all four sets. The number of genes only 

found in V. anguillarum that are core to V. anguillarum is shown. Similarly, genes 

only found in V. aestuarianus that are core to that species are shown. 
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Figure 5.7. Distribution of 243 virulence-related genes in the V. anguillarum clade. 

The results of a BLAST-based search for V. anguillarum associated virulence genes in V. 

anguillarum-clade isolates is shown. Genes with at least a 70% nucleotide and 70% length 

identity match in a genome is shown in blue. Most genes have been detected throughout the 

V. anguillarum species, with the notable exception of the type VI secretion system I loci. This 

group of genes is found in all V. aestuarianus, while type VI secretion system II is mostly 

absent. 

Extending the Pangenome Concept to Intergenic Regions and Ribosomal Genes 

An intergenic region pangenome constructed using piggy with a cluster threshold of 90% 

nucleotide identity and 90% length identity identified 19,974 distinct IGR clusters (Figure 5.8 

A). Only 138 of these were detected in 95% of isolates in the pangenome, which is a small 

IGR core genome. Isolates from V. aestuarianus appear to have an entirely different IGR core 

to V. anguillarum and V. ordalii. This may mean that IGRs have diversified between these 

species past the 90% nucleotide identity threshold applied to IGR clustering in this study, 

limiting our ability to define an IGR core for the entire complex. However, increasing the 

nucleotide threshold to 70% increased the pangenome detected to 17,578 IGR clusters with a 

core genome of 323, which is still smaller than expected.  

While piggy works well to determine strict intergenic clustering, it has similar limitations as 

other single threshold pangenome tools like Roary (Page et al., 2015). These tools set one 
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specific threshold limit for categorising sequences as belonging to the same gene or IGR 

family. PIRATE is a tool designed to address this issue, primarily for coding regions, by 

performing pangenome construction at multiple thresholds and combining clusters across 

these levels. It is designed to cluster based on defined annotated features. Thus, by annotating 

intergenic regions within the GFF input files, we could adapt PIRATE to construct an 

intergenic pangenome. By clustering intergenic regions using PIRATE, we could detect an 

intergenic core genome of 861 IGR families and a total pangenome size of 7,875 intergenic 

clusters (Figure 5.8 B). The proportion of core genes found is more comparable to the CDS 

pangenome (10%). This shows that defining IGR clusters across diverse species is complex 

and may require different strategies depending on the biological question. Further efforts are 

required to determine the biologically significant intergenic region clusters and consequences 

of IGR switches in terms of gene expression and phenotype. The exploration of the IGR 

pangenome later in this Chapter is based on the preliminary study using piggy at 95% 

nucleotide identity in order to avoid erroneous over-clustering within species. 

A tRNA pangenome identified 25 transfer RNA gene families across the population (Figure 

5.9). Only one of these is present in fewer than ten genomes. A close examination of the 

sequence annotations found in each cluster, showed that only 14 of these gene families 

contained sequences with the same annotation. Thus, it is important to note that this 

clustering method can identify RNA gene families that have diversified to code for different 

tRNA end products. The lowest identify threshold used to define gene families, in this case, is 

70%. PIRATE also splits each gene family into distinct alleles based on different thresholds. 

Clusters defined at a 98% nucleotide identity threshold all contain genes that annotate for one 

specific tRNA. Thus, this allele breakdown of gene families allows for tRNAs from the same 

gene family with different transfer RNA annotations to be distinguished. The rRNA 

pangenome detected four gene families representing 5S, 16S and 23S ribosomal RNA’s. One 

gene family represents a distinct 5S ribosomal RNA sequence. Each of these clusters is found 

multiple times in each genome and can be further split into distinct alleles (Figure 5.10). V. 

anguillarum and V. aestuarianus each contain different alleles at these higher thresholds.  
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B 

 

Figure 5.8. Intergenic region pangenomes of the V. anguillarum-clade. 

A) An intergenic region pangenome calculated using piggy (Thorpe et al., 2018), with a 

minimum nucleotide divergence of 90%. Only 138 of 19,974 intergenic regions are 

core to all isolates in the clade. 
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B) An intergenic region pangenome constructed using PIRATE (Bayliss et al., 2019) 

with lowest threshold 50% nucleotide divergence. Here, 895 of 7,875 intergenic 

region families are core to the entire clade.  

 

Figure 5.9: A tRNA pangenome of the V. anguillarum-clade. 

The Presence-absence of tRNA gene families identified by PIRATE is displayed. The average 

copies of each family are shown above, and the most common annotation of the associated 

tRNA. Twenty-five gene families were detected using this method, five of which have highly 

variable distribution in the population. Nine have been detected in every isolate. One - tRNA-

Asn(gtt) is only found in serotype O3 isolates. 
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Figure 5.10: An rRNA pangenome of the V. anguillarum-clade split at different 

thresholds. 

The presence-absence of rRNA alleles is shown. Gene families for each rRNA 16S, 5S and 

23S have been determined and split into alleles at separate thresholds. Some V. anguillarum 

genomes do not contain any alleles of these genes, highlighting the need for high-quality 

well-annotated genomes. Alleles at the highest threshold of 98% are distinct between V. 

anguillarum and V. aestuarianus.  
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The Pangenome Is Open and Conserved Within Lineages 

To further examine the diversity within the pangenome of the whole V. anguillarum-

complex, we applied Heap’s Law (Tettelin et al., 2008; Snipen and Liland, 2015). This 

involves running multiple permutations where each genome is added to the pangenome one 

by one, and the number of novel genes contributed is counted. By averaging over all 

permutations, the rate at which the pangenome grows as new genomes are sequenced can be 

determined. This can be visualised using an accumulation curve (Figure 5.11). By fitting this 

data to a power-law regression model, the power-law exponent, alpha, provides an indication 

of the openness of the pangenome. In this case, both the coding region and IGR pangenome 

components of this group have an exponent alpha less than 1, signifying that they are open 

(Table 12). The intergenic and coding region pangenomes of V. aestuarianus and V. 

anguillarum (with V. ordalii included) are also individually open (Table 12, Figure 5.11). 

Table 12: Heap’s law applied to coding region and intergenic region pangenomes 

Dataset  Type Intercept alpha* 

V. anguillarum -clade CDS 686.3405 0.574169 

 
IGR (piggy 90% nuc id) 1028.11 0.559404 

V. anguillarum & V. ordalii CDS 611.0005 0.541909 

 IGR 2280.243 0.804107 

V. aestuarianus  CDS 594.0805 0.532413 

 
IGR 444.4711 0.605871 

* where alpha is < 1, a pangenome is open 

For both species, clades can be distinguished when isolates are clustered by gene content 

(Figure 5.12 & Figure S17). In V. anguillarum, grouping using a non-parametric clustering 

algorithm Panini (Abudahab et al., 2019) revealed that L1 has a very distinct accessory gene 

content from other lineages in the species (Figure S17). The unusual gene presence-absence 

in V. aestuarianus Clades A and B described in Chapter 4 are reflected in the gene content 

tree (Figure 5.12). 



Chapter 5 

145 

 

 

Figure 5.11: Pangenome accumulation curves. 

Pangenome accumulation curves are shown for A) V. anguillarum and B) V. aestuarianus. 

These were calculated for both coding sequences (CDS) and intergenic regions (IGR). A local 

regression is shown for each category with a span of 0.1. The number of IGR clusters 

overtake CDS gene families in V. anguillarum after the addition of ~30 strains. A similar 

trend may be apparent in V. aestuarianus with further diverse sampling efforts. Individually 

constructed species intergenic region pangenomes constructed using piggy were used for this 

analysis.  
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Figure 5.12: Lineages conserved with a tree based on gene and IGR content. 

Phylogeny of two species V. anguillarum and V. aestuarianus, constructed using the 

presence-absence of sequence clusters. [See Supplementary Figure S17 for a network of the 

CDS pangenome of V. anguillarum] 

A) A tree based on the presence-absence tree of coding sequence (CDS) gene families in 

108 V. anguillarum and V. ordalii isolates. Isolates are coloured by major lineage as 

defined in Chapter 2. Each major lineage groups into clearly identifiable clusters by 

CDS gene family content.  

B) A phylogeny of 105 V. anguillarum and V. ordalii strains based on intergenic region 

clusters’ presence-absence also clearly identifies significant lineages. 

C) V. aestuarianus isolates, when grouped by coding region presence-absence, show that 

Clades A and B differ in gene content, but two French Clade B isolates closely 

resemble Clade A. This corroborates the dynamics of gene gain and loss described in 

Chapter 4. 

D) IGR content of V. aestuarianus distinguishes clades A and B to a degree. Clade B 

strains isolated in France, and a French isolate basal to Clades A and B cluster within 

Clade A. However, as was noted in Chapter 4, this group’s IGR content shows many 
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uncharacterised variabilities that may result from low assembly quality rather than 

biologically significant differences in IGR cluster content. 

IGR Uniqueness and Copy Number 

To understand the chromosomal organisation of intergenic regions, we have harnessed the 

pangenome concept. By integrating IGRs into the pangenome concept, we can begin to study 

intergenic regions as independent evolutionary units. This can allow us to determine how 

mobile and duplicable IGRs are in evolving genomes. We have concentrated on three aspects 

of each IGR cluster’s identity: uniqueness, duplicability and the number of different 

neighbouring gene pairs. To do this, we combined the pangenome of IGRs constructed using 

piggy at 90% nucleotide identity threshold with pangenomes of CDS, rRNA and tRNA. We 

define unique IGRs as IGR clusters that appear in only one genome and duplicated IGRs as 

IGR clusters that appear more than once in at least one genome (Table 13). Of the 19,974 

IGR clusters detected in the V. anguillarum clade, around 3% are duplicated in the 

population, while ~9% of coding regions are duplicated. We determined that 33.08% of 

coding regions in the pangenome are unique, while 45.01 % of IGRs clusters are unique. Of 

the unique IGRs detected in the population, 54.64% are found between non-unique coding 

regions. Thus, these IGRs have either been incorrectly clustered, or they have experienced a 

switch event of some kind that has produced a unique IGR sequence. 34.57% of unique IGRs 

are found adjacent to one unique gene family, while 11.06% are found between two unique 

genes. Non-unique IGRs are rarely found with unique genes. Only 4% of these IGRs are 

found between either one or two unique gene families. From a gene-centric perspective, 

unique gene families are strongly associated with unique IGRs. When examining gene IGR 

gene triplets, unique gene families are located next to a unique IGR 89.21% of the time.  

Gene-IGR-Gene Relationships Are Usually Stable, while IGR Reuse Is Infrequent and 

Associated with Accessory Genes 

In addition to this, we examined the strength of linkage between gene families and IGRs. 

Thorpe et al. (2017) identified switches by identifying cases where genes that co-localise in 

multiple genomes have recruited different intergenic regions. Here we have expanded on this 

to determine how often the same IGR cluster has been recruited by new genes. To do so, we 

determined how many different gene families occur on each side of an IGR cluster in all 

isolates. An IGR always found beside the same gene clusters is counted as having one distinct 

gene pair in the population. If an IGR is preceded by one gene cluster in some isolates, and in 

a different isolate, it is preceded by another, we count this as a new distinct pair for that IGR 
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cluster. Another distinct pair, or gene-IGR-gene configuration, is logged for each new gene 

cluster neighbour pair discovered. Thus, we could count how many possible gene pairs exist 

in the population for each cluster.  

In doing so, we determined that in the V. anguillarum-complex, 92.24% of IGR clusters 

(18,829) consistently occur between the same gene families on both sides (Figure 5.13). 

6,299 IGR clusters occur with two gene pair configurations in the population. IGRs with 

between 3 and 10 different gene-IGR-gene conformations appear 429 times, and 16 occur 

with between 11 and 21 unique gene pairs (Figure 5.13 & Figure 5.14). The most flexible 

IGR appears in 59 different conformations. Thus, it is unusual for one IGR cluster to appear 

alongside many different genes in these genomes.  

Around 63% of IGRs that have been duplicated within genomes are found between the same 

gene families. However, some IGR clusters have experienced changes in their immediate 

gene neighbourhood within or between genomes. Unsurprisingly almost all of these IGRs are 

situated next to at least one accessory gene. Of the IGRs that are strictly associated with one 

gene pair, 25% occur between core genes which comprise 17% of the pangenome. Around 

55% are located between two accessory genes, and ~16% can be found between a core and 

accessory gene. Conversely, promiscuous IGRs with more than one associated gene pairs are 

not associated with core genes, with the exception of seven IGR clusters occurring between 

paralogous core genes. Seventy-three percent are adjacent to two accessory genes, while 26% 

can be found between a mixture of different gene types. Thus, IGRs that are being reused in 

the population are associated with accessory genes. Overall, this study shows that IGR 

clusters are mainly stable in the genome architecture, and pangenome clustering can be used 

to detect IGRs with multiple neighbours in the population.  

Table 13: Numbers of unique duplicate sequence clusters in the V. anguillarum-complex. 

Gene and intergenic region clusters Number Clusters (%) 

CDS gene families:  14,505 
 

IGR clusters:  19,974 
 

tRNA gene families: 25 
 

rRNA gene families: 4 
 

Duplicated gene families 
  

Gene families:  1,336 (9.21%) 

IGRs:  643 (3.22%) 
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tRNA families: 21 (84%) 

rRNA families:  3 (75%) 

IGRs neighbouring RNA genes 
  

IGRs neighbouring RNA genes 456 (2.28%) 

Duplicated IGRs neighbouring RNA genes 51 (7.932%) 

Unique gene families 
  

Gene families: 4,799 (33.08%) 

IGRs:  8,895 (45.01%) 

Unique IGRs neighbouring unique CDS gene families 
  

No unique neighbour genes: (% of unique IGRs) 4,731 (54.64%) 

One unique neighbour gene: (% of unique IGRs) 3,026 (34.57%) 

Two unique neighbour genes: (% of unique IGRs) 968 (11.06%) 

Non-unique IGRs neighbouring unique CDS gene 

families 

  

No unique neighbour genes: (% of non-unique IGRs) 10,898 (97.11%) 

One unique neighbour gene: (% of non-unique IGRs) 407 (3.6%) 

Two unique neighbour genes: (% of non-unique IGRs) 45 (0.4%) 

IGRs with the same neighbours 
  

IGR clusters with only one set of neighbour gene 

clusters:  

18,424 (92.24%) 

Adjacent to two core genes: 5,098 (27.67%) 

Adjacent to two accessory genes: 10,215 (55.44%) 

Adjacent to a core and an accessory gene: 3,516 (16.87%) 

Unique (% of unique IGRs): 8,709 (97.91%) 

Duplicated (% of duplicated IGRs): 405 (62.98%) 

Unique and duplicated (% duplicated IGRs): 120 (1.87%) 

IGRs with the multiple neighbours 
  

IGRs with more than one set of gene family neighbours: 1,145 (5.73%) 

Adjacent to two core genes in isolates: 7 (0.61%) 

Adjacent to two accessory genes in isolates: 836 (73.01%) 

Adjacent to a core and an accessory gene in at least 

one isolate: 

302 (26.38%) 



Chapter 5 

150 

 

Unique (% of unique IGRs): 43 (0.90%) 

Duplicated (% of duplicated IGRs): 238 (37.01%) 

Unique and duplicated: 43 (6.69%) 

 

 

Figure 5.13: Number of intergenic region clusters with variable gene neighbours. 

The number of different gene pairs associated with every IGR cluster was calculated. The bar 

plot above shows the number of IGR clusters with differing numbers of gene cluster 

neighbours. The number of gene clusters is shown on a log scale. 18,829 IGR clusters are 

always found with the same gene pair. For 699 IGR clusters, at least one of the neighbouring 

genes differs. 204 IGR clusters can be found in at least three different neighbouring gene 

conformations. Some IGRs can be found between a significant number of different genes, 

indicating that a similar IGR structure is being reused many times across the population. 
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Figure 5.14: Example of an IGR with multiple gene neighbours. 

An IGR cluster Cluster_11180 is shown which is found between four distinct gene pairs in the 

pangenome. Thirty-eight occurrences are associated with the same two gene clusters 

g0003820 and g0020132. In one case, g0003820 has been replaced by g003995, a gene family 

with consensus gene name yafP. Two other gene neighbour conformations can also be 

detected.  
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DISCUSSION 

Isolate FF-167 Represents More Diverse V. anguillarum Isolates 

V. ordalii, recognised initially as V. anguillarum biotype II, is highly similar genetically to V. 

anguillarum. The distinctions made between these two groups come from both differences 

found in genetic and phenotypic determinants (Schiewe et al., 1981; Naka et al., 2011; 

Avendaño-Herrera et al., 2019; Steinum et al., 2016). However, multiple isolates have been 

found that share phenotypic characteristics with one species while having closer genetic 

similarities to the other. Steinum et al. (2016) determined using MLSA that many isolates that 

had been phenotypically classified as V. ordalii undeniably lie within the genomic diversity 

expected of V. anguillarum. Here we have looked more closely at one strain initially 

characterised as V. ordalii but genetically more closely resembles V. anguillarum. Steinum et 

al. 2016 did not resolve the taxonomic position of this strain. We set out to determine if this 

ambiguous strain arose due to hybridisation between these species, or if it instead represents 

an intermediate layer of diversity. We show that this strain FF-167 is more similar to V. 

anguillarum than V. ordalii and basal to the V. anguillarum species. Hybridisation or large 

recombination events between V. ordalii and V. anguillarum are not responsible for 

establishing this lineage. It has previously been suggested that V. ordalii is in the process of 

evolving from V. anguillarum, becoming an intracellular pathogen with a reduced genome 

size (Naka et al., 2011; Avendaño-Herrera et al., 2019). Thus, it may have evolved from 

within these more diverse V. anguillarum lineages. Although we have shown that further 

diversity exists between V. anguillarum and V. ordalii, to determine the complete population 

structure of these closely related species, further genomic sequencing of V. ordalii strains is 

required. This would also help to reveal more isolates that have been misclassified.  

The Pangenome of the V. anguillarum Complex Is Open and Has a Large Core Genome 

The V. anguillarum complex represents three important aquaculture related pathogens. All 

three species share a considerable number of core genes. While the accessory genome of the 

clade is extensive, each species was found to carry up to 275 genes that are exclusive to that 

species. Many virulence genes in V. anguillarum have been characterised. Of 243 annotated 

virulence-related genes in V. anguillarum, 98 are ancestral to the entire species complex. 

Many of these are related to motility and chemotaxis. Two T6SS systems have previously 

been discovered in V. anguillarum. Here we noted that while T6SS II is found intact only in 

V. anguillarum, T6SS I is variably present in V. anguillarum, absent in the available V. 



Chapter 5 

153 

 

ordalii strains, and core to V. aestuarianus. The expression of two T6SS found in V. 

anguillarum is induced in iron starvation, but both respond differently to temperature changes 

(Lages et al., 2019). T6SS I is expressed at multiple temperatures with a peak at 15℃, while 

T6SS II optimal temperature is 25℃. T6SS II is partially preserved in some diverse isolates 

V. aestuarianus, suggesting that it was once basal to the clade and has since been lost. T6SS 

have been linked previously to quorum sensing in V. anguillarum, suggesting that V. ordalii, 

which carries neither, uses different mechanisms for quorum sensing. How T6SS I impacts 

quorum sensing and iron uptake in V. aestuarianus is unknown. 

Thorpe et al. (2018) noted that IGR clusters tended to be more diverse than protein-coding 

regions, but a core IGR could be determined within species. Here we noted that defining a 

core genome for divergent species is challenging. Using piggy (Thorpe et al., 2018) to define 

the intergenic component of the pangenome, at a 95% nucleotide identity, we found only 138 

IGR clusters were core to the entire clade. This increased slightly to 323, using a more 

relaxed threshold of 70%. By adapting PIRATE (Bayliss et al., 2019), we achieved a core 

IGR genome of 861. Thus, a small number of IGRs have been maintained sufficiently 

between V. aestuarianus to define a core genome. Depending on how strictly this core 

genome is defined, the clade shares between 138 and 861 core IGRs. Both the CDS and IGR 

components of the pangenome are open. In addition, we can distinguish individual lineages 

within V. aestuarianus and V. anguillarum on their accessory sequence content. This suggests 

that while levels of gene turnover are high, they are not high enough to erode the underlying 

phylogenetic signal.  

RNA genes have not been included in studies of the pangenome previously. Here we 

examined the ability of PIRATE to define the rRNA and tRNA components of the 

pangenome. Twenty-three distinct tRNA families were discovered. Many of these gene 

families encompassed multiple tRNA gene products with common gene ancestry, allowing us 

to see how gene families have diversified. One gene family was notably only present in one 

serotype O3. We identified four distinct rRNA gene families that represent 23S, 16S and 5S 

genes. These could be further broken down into alleles that differentiate disparate species and 

allow for the identification of novel alleles. Thus, we have shown that the application of 

pangenome technologies to RNA sequences could allow for extensive analysis of RNA 

variation within populations. 
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IGRs Tend to Co-localise with the Same Genes  

Bacterial genomes are compact, tightly managed evolutionary units (Koonin, 2009). Regions 

between genes (IGRs) are short relative to eukaryotic genomes. We are beginning to 

understand that these regions are maintained by selection (Thorpe et al., 2017; Thorpe et al., 

2018). However, little is known about how often IGRs co-localise with gene families across 

the genome and what can disrupt these relationships. In Thorpe et al. 2018, instances where 

the IGR between two genes were altered or “switched” were evaluated. This phenomenon of 

altering the regions between genes has functional importance since intergenic regions harbour 

elements that manage gene expression levels (Oren et al., 2014; McNally et al., 2016). They 

discovered that they could successfully detect switches computationally using pangenome 

clustering methods and linked these switched regions to measurable changes in gene 

expression. Thus, a lot can be achieved with extensive study of IGRs as independent 

functional units in the pangenome. In this study, we have expanded upon this notion by 

examining how often unique and duplicated IGRs occur in the population and asking how 

many times IGR clusters appear with different gene neighbours.  

IGR clusters with variable gene neighbours could be considered to have successfully adapted 

to new roles within the genome. It is unknown how often this occurs or how frequently entire 

IGR units are successfully reused. We used the pangenome to identify which gene families 

directly neighbour each IGR cluster to address these questions. IGR cluster’s that consistently 

occur with the same gene families as neighbours are counted as having one arrangement of 

their immediate gene neighbourhood. When there is at least one occurrence where either of 

these gene clusters is different, we consider this IGR cluster to have two possible 

conformations in the pangenome. IGRs with multiple gene IGR-gene conformations are 

regarded as versatile. Studying the number of genes found with one or more gene 

neighbourhoods can begin to give us a crude understanding of how flexible and reusable IGR 

clusters are. We discovered within the V. anguillarum-clade that IGR clusters are mainly co-

localised with the same gene clusters (92% of IGR clusters). Also, of the small number of 

IGR clusters that associate with multiple gene families, most are found between accessory 

genes. Reuse of IGRs by colocalised core genes is rare and associated with duplication 

events. 

Duplicate IGRs are IGR clusters that appear more than once in at least one genome. 

Detecting within genome homologous IGRs using this clustering method is limited by the 
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threshold level chosen. For example, if an IGR were to duplicate and then diversify such that 

it no longer resembles the original IGR at the threshold chosen, this method would not detect 

this duplication event. However, this does ensure that duplications that are detected involve 

highly similar IGRs and are, therefore, unlikely to be erroneously classified as duplicates. 

Only a small portion of IGR clusters have been classified as being duplicated in our data 

(3.22%). Around 63% of these are always found between the same gene families. While this 

upholds the observation that IGRs tend to co-localise more often with the same gene families, 

it also indicates that duplicated IGRs are more likely than non-duplicated IGRs associate with 

different gene families. 

An IGR cluster is regarded here as “unique” when it occurs in one genome. Many of these 

IGRs could be considered analogous to putative ORFan genes, open reading frames (ORF) 

with no known homologs (Daubin and Ochman, 2004; Fischer and Eisenberg, 1999). Free-

living bacterial species with open pangenomes tend to contain high numbers of ORFan 

sequences. Since the sample population used here is modest and assembly errors and other 

technical limitations may have contributed to some of these clusters’ uniqueness, we cannot 

be sure that they are all genuinely ORFan IGR sequences. However, with the clustering 

methods applied here, we determined that unique gene clusters can almost always be found 

alongside unique IGRs. Unique IGRs account for 43% of the intergenic clusters. 

These observations suggest that gene-IGR linkage is strong and is disrupted mainly by 

recombination of accessory elements or duplication events. Gene-IGR linkage is also 

maintained in unique accessory elements. 

CONCLUSION 

In this Chapter, we have combined whole-genome sequences for available isolates of the 

aquaculture related species complex V. anguillarum. With this data, we have explored three 

aspects of their genome evolution: 

Firstly, we determined that taxonomically ambiguous isolate FF-167 is not a hybrid of V. 

anguillarum and V. ordalii, but instead a diverse V. anguillarum isolate. This suggests that an 

extra layer of unsampled diversity exists between these species that could be clarified with 

further sequencing. 

Secondly, we expanded the pangenome concept to include RNAs and intergenic regions. The 

V. anguillarum species complex shares a significant core genome and individual gene content 
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differences are linked to functions such as motility and chemotaxis. IGR and RNA clusters 

have diversified significantly between species, but some core clusters can be detected.  

Lastly, while studying the flexibility of IGR clusters within and between genes, we showed 

that IGR-gene relationships are mainly conserved. In general, IGRs are found with the same 

gene neighbours and promiscuity is associated with accessory elements and duplication 

events. 
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The work presented throughout this thesis contributes to our current understanding of the 

population structure and genome evolution of key Vibrio aquaculture pathogens. Combating 

bacterial diseases in fish farms is critical for the industry’s sustainability, as it rapidly 

expands and becomes more vulnerable to the emergence and spread of severe disease 

outbreaks. Each species featured in these chapters has had destructive impacts on the farming 

of finfish and shellfish worldwide. Whole-genome sequencing provides a rich dataset by 

which molecular typing and in-depth evolutionary studies can be carried out. Thus, I have 

expanded the current datasets for multiple Vibrio species and used them to define population 

structures. Chapter 2 initially focuses on delineating the many diverse lineages within the key 

fish pathogen V. anguillarum before going on the describe evolutionary processes of 

divergence and, potentially, adaptation, which is continued in Chapter 3. Chapter 4 introduces 

Vibrio species linked to the mortality of oysters, focusing on strains isolated on farms across 

Ireland. The efforts described in this chapter use phylogenetics to place Irish isolates within 

the context of previously sequenced strains. Besides harnessing whole-genome sequencing 

(WGS) to type strains and accurately define population structures, I have used these rich 

genetic data to detect significant evolutionary changes within these populations. Chapters 2 

and 3 focus on uncovering large genomic regions that have undergone homologous 

recombination between distinct lineages in V. anguillarum. In addition, these chapters define 

variation in genomic islands linked to serotype determination and serotype switching. Finally, 

in Chapter 5, I have applied the pangenome concept to the V. anguillarum species complex, 

which encompasses three aquaculture pathogens, two of which have appeared elsewhere in 

the thesis to explore the genetic diversity shared between these species. Here, I consider the 

future directions that could be taken. 

Using Whole-Genome Sequencing to Determine the Population Structure 

of Vibrio Pathogens in Aquaculture 

Whole-genome sequencing is being applied to aquaculture pathogens, creating opportunities 

for high-quality phylogenetic analysis, typing and surveillance. Here we have contributed 

novel genomes of key aquaculture pathogens to help provide context for future studies. 

Defining the population structure of bacterial pathogens is necessary to ascertain how diverse 

a species is and establish how pathogenicity is distributed within that population. Vibrio 

species display an array of population structures spanning from diverse deep branching star-
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like structures with little between lineage relationships to populations with more structured 

clonal populations.  

V. anguillarum is Highly Diverse and Encompasses More Than 37 Distinct Lineages 

V. anguillarum is known to encompass at least 23 serotypes, while several other typing 

schemes, including BIOLOG typing, ribotyping and MLSA, have similarly suggested that 

this species is highly diverse (Austin et al., 1995; Kühn et al., 1996; Austin et al., 1997). 

Previous efforts to sequence representatives of the species have given an initial indication of 

the population structure (Castillo et al., 2017; Busschaert et al., 2015). However, these 

attempts included too few isolates to represent the true extent of diversity and – similarly to 

initial studies of most pathogenic bacteria – these collections are biased towards the most 

pathogenic serotype O1 associated L1 lineage. The most important study prior to this work to 

that attempted to define this species’ population structure used MLSA and incorporated the 

closely related species V. ordalii (Steinum et al., 2016). Here we have leveraged all of these 

data, incorporating isolates from previous WGS and MLSA studies, to get a more accurate 

portrait of the population structure. We identify six lineages of significant importance in 

aquaculture settings. We used this opportunity to develop a typing scheme that relies on 

WGS assembly that can be adopted to keep lineage definitions consistent across studies based 

on a bioinformatics tool for lineage assignment (Lees et al., 2019). Thus, future studies of V. 

anguillarum outbreaks utilising WGS can ascertain where novel strains sit within the context 

of this established population structure. Multiple lineages with high sampling identified in 

Steinum et al. (2016), which have not been included here, could be targeted for further 

sequencing efforts to represent all known important lineages. With help from this previous 

MSLA analysis, we were able to show that a hypothesised link between serotype O2B and 

pathogenicity in Gadidae hosts may be attributed to a specific sublineage, L2i, which 

contains a significant large homologous replacement event discussed in detail below.  

V. ordalii and V. anguillarum are Distinct but Highly Similar Groups 

Studies of the population structure of highly related species V. anguillarum and V. ordalii is 

currently limited by the absence of extensive sequencing efforts of V. ordalii. These groups 

have been classified as distinct but highly similar species (Schiewe et al., 1981). DNA-DNA 

hybridisation (DDH), the pre-genomics gold standard for defining species boundaries, was 

calculated both in vitro and in silico and defined these groups as separate species (Schiewe et 

al., 1981; Steinum et al., 2016). However, using average nucleotide identity (ANI) in place of 



Chapter 6 

160 

 

DDH values highlights how similar these species are (Richter and Rosselló-Móra, 2009). 

While strains within V. anguillarum share average ANI values of ~98%, between V. 

anguillarum and V. ordalii, we see ANI values of between 96.85% and 97.24%. In contrast, 

V. aestuarianus produces an ANI value of between 79 and 80% compared to V. anguillarum 

and V. ordalii. ANI values of less than 95 to 96% have been defined as a generalisable cut-off 

used to distinguish different species, indicating that V. ordalii and V. anguillarum may be too 

closely related for these conventional genomic classifications of species.  

Although these ANI values may call into question whether V. anguillarum and V. ordalii 

currently constitute separate species, when combined with phylogenetic evaluation, they 

confirm that they are distinct groups. Regardless of the validity of their species classification, 

V. ordalii and V. anguillarum do comprise separate groups, as was determined by Steinum et 

al., and they have apparent phenotypic differences that impact their ecology and 

pathogenicity. Differences between these groups have been described biochemically and 

ecologically. This is not the only example of highly related groups in Vibrio whose species 

classification could be disputed. Within the species V. vulnificus, two primary phylogroups or 

clusters could be demarcated with an average nucleotide identity of ~95% (López-Pérez et 

al., 2019). A case could be made to classify each of these phylogroups as separate species, 

given this level of nucleotide divergence. There are also multiple ecological distinctions 

between them. In this instance, however, there also exist two intermediate clusters within the 

V. vulnificus species. Therefore, regardless of the conventions for defining species, each of 

the groups within what is currently known as V. vulnificus can be more easily understood in 

the context of each other. Such studies highlight the usefulness of assessing the evolution and 

phylogeny of closely related species and phylogroups together.  

In 2016, Steinum et al. discovered multiple phenotypically V. ordalii strains that lay within 

the V. anguillarum species. Here we corroborated those findings using whole-genome 

sequencing. These strains had previously been classified as V. ordalii through phenotypic 

studies; however, the extent to which their phenotype matched that of V. ordalii could not be 

corroborated by Steinum et al. It may be the case that these were initially misclassified as V. 

ordalii and share more phenotypic properties to V. anguillarum. Three isolates, however, 

were thought to be intermediate to V. anguillarum and V. ordalii. While attempting to place 

one of these intermediate isolates – FF-167 – within one of these taxonomic units, we 

discovered that it shared genomic identity with V. anguillarum, as suggested by Steinum et 
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al., but is basal to the species. The fringe identity of this strain in V. anguillarum was also 

apparent when looking at gene content patterns, as isolate FF-167 is missing many otherwise 

core virulence genes. Thus, we set out to determine if this strain arose as a result of the 

hybridisation of V. anguillarum and V. ordalii. 

Hybrid strains in other species have been demonstrated to show a bimodal distribution of 

gene relatedness with parent species (Didelot et al., 2007). Here, however, such patterns 

would be challenging to discern since V. ordalii itself has such close homology across the 

genome (Figure 5.3). Instead, we can determine which genes share the closest homology with 

V. ordalii, V. anguillarum and the hybrid strain itself. This revealed that genes with close 

homology to V. ordalii are evenly distributed across the genome and have not been 

contributed through a hybridisation event. While we are confident that this strain has not 

arisen through hybridisation with V. ordalii, its placement in the phylogeny of these two 

species indicates it may represent more diverse V. anguillarum strains. It has been suggested 

previously that V. ordalii is evolving to become a facultatively intracellular pathogen of 

finfish, which is helped by the fact that it has the smallest genome of any Vibrio species. 

Thus, these more diverse V. anguillarum strains may represent a gene pool from which V. 

ordalii has diversified and evolved. Interestingly, in a 1995 study comparing multiple pre-

genomic typing methods, Austin et al. noted that isolates that were difficult to place using 

serotyping might represent strains that are peripheral to the species V. anguillarum. 

To fully elucidate the population structure of these diverging species, further sequencing of 

V. ordalii strains is necessary. This would allow strains with ambiguous taxonomic 

assignments to be identified appropriately using WGS. The population structure within V. 

ordalii, an emerging finfish pathogen, is almost entirely unknown, although it is thought to 

contain some diversity (Silva-Rubio et al., 2008; Steinum et al., 2016). In addition, many of 

the genome sequences contributed here have been taken from a historical collection of V. 

anguillarum. Thus, accurate typing of contemporary outbreaks is needed.  

The Population Structure of V. aestuarianus  

In Chapter 4, we introduce novel genomes of V. aestuarianus linked to summer mortality 

syndrome in Ireland. By applying whole-genome sequencing to this important shellfish 

pathogen, we have identified two clonal groups associated with oyster mortality circulating in 

major oyster producing countries Ireland and France. One Clade A isolate has also appeared 

in the USA. This highlights that these clades are not restricted to France, where they were 
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initially detected, and novel clades associated with disease in oysters have not been identified 

(Goudenège et al., 2015). While we have expanded the phylogenetic tree of this species 

significantly from previous studies, it is clear that there exists extensive diversity outside of 

the two pathogenic oyster clades. Thus, this represents a preliminary exploration of the 

population structure within this species. 

Similarly, initial studies of V. anguillarum population structure highlighted only one major 

clade within the species, the serotype O1 associated L1 lineage (Busschaert et al., 2015; 

Castillo et al., 2017). This study will enable further in-depth population analyses of V. 

aestuarianus. The detection of additional significant environmental or pathogenic strains will 

potentially help explain how these clades have emerged. For example, factors contributing to 

V. cholerae pathogenicity in humans are widely distributed across many environmental 

lineages in the population. However, one clade accounts for most pandemic clones. This 

clade has emerged through the successive acquisition of pathogenicity islands circulating in 

the population but are not retained in the same way as within the pathogenic group. This was 

only fully understood in the context of “environmental gene pools”, which represent the 

genetic diversity available in a species and allow for informative comparisons between 

environmental and pathogenic lineages (Shapiro et al., 2016). Close surveillance and 

evaluation of the evolution of pathogenicity are recommended for V. aestuarianus given its 

association with severe mortalities in bivalve aquaculture, and extensive sequencing of 

pathogenic and environmental samples is needed to further explain the emergence of these 

pathogenic clades. 

The Population Structure of V. splendidus 

In contrast to the highly clonal V. aestuarianus strains recovered from mortality events in 

oysters, V. splendidus species complex strains detected in Ireland are highly diverse. One 

group of highly similar V. splendidus species isolates was detected across Ireland. These are 

likely a group that proliferated in an oyster spat or juvenile oyster collection in one place 

before distribution to different farms where it was detected multiple times. Notably, V. 

splendidus strains recovered from oysters have not been directly implicated in their deaths. 

Thus, the emergence of this clone likely reflects the transmission of related strains from 

common oyster grow-out facilities. 

The V. splendidus-species complex has been sequenced extensively and is highly diverse. 

The majority of sequenced strains from the V. splendidus species have been contributed from 
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one region in the USA and are primarily environmental. This contrasts with most whole-

genome sequencing efforts, which prioritise pathogenic strains. However, virulence factors 

have been shown to be ancestrally acquired in this species complex and have only been lost 

in some clades, suggesting that opportunistic pathogenicity in oysters is possible within these 

species (Bruto et al., 2018). In addition, it has been shown that oyster disease can often 

involve multiple Vibrio species successively colonising and eventually contributing to 

mortality (Lemire et al., 2015). Thus, the application of whole-genome sequencing to 

ascertain the phylogeny of V. splendidus strains associated with oyster disease is challenging.  

The extensive collection of V. splendidus species genomes assessed here highlights this 

species’ vast diversity and reveals a star-like panmictic population structure. However, they 

were mainly extracted from one location, meaning it is not possible to ascertain any large-

scale biogeographic patterns. Interestingly, studies focused on the highly diverse and 

genetically dynamic species V. parahaemolyticus identified distinct ecotypes associated with 

geographic regions within the species’ otherwise star-like population structure (Yang et al., 

2019). They noted that these ecotypes have been mixing in recent years, leading to emerging 

hybrid ecotypes. This could serve as a model for how other panmictic Vibrio species are to be 

studied. Previous studies of the diversity within V. splendidus using other typing mechanisms 

have indicated that there may be geographical patterns in species diversity, even between 

strains isolated in the Mediterranean and Atlantic (Nasfi et al., 2015). While genomes 

contributed here are modest in number, they add to the geographic diversity of the currently 

available data for this species. 

Significant Recombination Events in V. anguillarum 

The Genomic Basis of Serotype in V. anguillarum and V. ordalii  

Chapters 2 and 3 explore the genetic basis of the serotype in V anguillarum. Vaccines are the 

primary mode of control for this important pathogen in fish, and serotypes are the primary 

mode of vaccine development and typing for this species thus far (Santos et al., 1995; 

Mikkelsen et al., 2007; Colquhoun and Lillehaug, 2014). It has been shown that important 

sero-subtypes of serotype O2 in particular, are not covered by current vaccines. While 

previous genomic studies successfully demarcated the location of lipopolysaccharide LPS 

genes associated with serotype O1 and O2, we have determined that major serotypes O1, O3 

and O2 carry distinct genomic islands for LPS and EPS biosynthesis. These islands are 
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subject to further diversification by exchanging small regions of gene clusters between 

lineages allowing for rapid serotype switching and adaptation of LPS and EPS. We have 

highlighted that generating variation within these genomic islands may be linked to serotype 

switching between unrelated lineages and the formation of sero-subtypes in serotype O2 

strains. Serotype switching is an adaptive process linked to immune evasion and vaccine 

evasion in many species. We have noted that switching is prevalent within lineages 

associated with serotype O2 since sero-subtypes O2a and O2b are distributed through 

multiple lineages. Future phenotypic studies could delve into the impact that these changes 

have on serotype and the virulence of these strains across multiple hosts. Also, some studies 

have indicated that the LPS structure of V. ordalii is different in strains isolated in Chile 

(Silva-Rubio et al., 2008). A careful analysis of the LPS genomic island in these strains may 

corroborate such differences and perhaps determine if horizontal transfer from other Vibrio 

such as V. anguillarum has contributed to this change. 

Long Recombination Events in V. anguillarum Are Associated with Specific Lineages 

and Chromosomal Locations 

Large chromosomal replacement events are thought to be unusual and have only been 

detected in four bacterial species thus far. In chapters 2 and 3, multiple long homologous 

recombination events were detected in the population of V. anguillarum, two of which exceed 

300-Kb (Figure 3.6). All of these have involved chromosome 1 only. These replacements 

occurred within serotype O2 associated lineages L2 and L4. One lineage L27 with one 

representative genome VIB12 was also regularly implicated in these recombination events. 

Initially, a 526-Kb region was detected that differentiated isolates within the L2 lineage. This 

explained a significant difference between these isolates with respect to lineage designation 

using MLSA loci. We were subsequently able to assign isolates within this lineage into 

sublineages L2i and L2ii based on this large region of variation. In Chapter 3, we determined 

that this segment is a mosaic replacement, made up of three regions from different donor 

lineages. L27 contributed most of this sequence, while the smaller segments 101-Kb and 8-

Kb in length have originated from undescribed lineages. Thus, lineage L2i has diversified 

from L2ii strains after acquiring multiple homologous replacements from other V. 

anguillarum strains. 

Further large replacements were detected in lineage L4. One of these shows high similarity to 

both VIB12 and L2i and occurs within the large replacement detected in lineage L2i. 
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Therefore, it is unclear which of these lineages has passed this DNA segment to L4 isolate 

Vib104. The largest replacement in L4 is 347-Kb long and has significant homology to L2 

isolates, pointing to this lineage as the donor. Thus, lineage L2 has acted as both the recipient 

and donor of large homologous replacements. Within this region, a separate L4 isolate has 

also experienced a smaller replacement from an unidentified donor.  

In 2004 Robinson and Enright noted that large homologous replacements are consistently 

associated with certain lineages of S. aureus. Subsequent studies in K. pneumoniae have 

uncovered similar dynamics while thoroughly examining long recombination events 

throughout the population. Our observation that within V. anguillarum, specific lineages – 

L27, L2 and L4 – regularly experience long recombination events is consistent with this 

pattern. As more of these events are uncovered, the reasons for these restrictions may become 

apparent. Comandatore et al. (2019) discovered that genomes more likely to be involved in 

these events share significant numbers of accessory gene content (Comandatore et al., 2019). 

Lineages L2, L4 and L27 are the most closely grouped lineages when clustering by gene 

content, and we determined that regions involved in replacements tend toward having high 

numbers of core genes relative to the rest of the genome. This was especially true for the 

mosaic replacement detected in L2i, which occurs within the most conserved syntenic block 

across the entire species. That specific regions have regularly been linked to multiple events 

may also be explained by this restriction. 

Interestingly, recombination within a species involving specific lineages that are more likely 

to act as donors or recipients is not limited to long recombination events. In Y. enterocolitica, 

gene flow between phylogroups showed that one phylogroup P1 acted as a reservoir for core 

genome recombination events for the other phylogroups studied (Reuter et al., 2015). P1 was 

the only phylogroup with an open pangenome, indicating that the other phylogroups were less 

open to acquiring novel variants and genes. Although there may be many reasons for this 

dynamic, one hypothesis suggested was that this lineage has a large population size and is, 

therefore, more readily available for gene exchange. Since the genomes of lineages in V. 

anguillarum acting as donors, particularly lineage L27 containing VIB12, are under sampled 

and likely largely non-pathogenic in aquaculture, it is unclear if they are present in large 

numbers relative to other lineages. In Campylobacter, introgression between C. coli and C. 

jejuni has been determined to be asymmetrical, with one lineage of C. coli acting as a 

recipient and donor for most introgression event with C. jejuni (Sheppard et al., 2008). This 
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has been hypothesised to be due to a breakdown of ecological separation between lineages in 

these species within agricultural settings. Thus, perhaps lineages regularly exchanging large 

DNA fragments in V. anguillarum are interacting within a similar niche. In this case, donor 

lineages may be able to confer genetic material that allows for host adaptation. 

Large imports of genetic material from neighbouring lineages within a species can allow for 

the creation of a “Hopeful Monster”, a novel lineage with features that allow them to excel in 

their given niche (Croucher and Klugman, 2014). While it is likely that most strains carrying 

chimeric genomes are not able to withstand the extensive cellular rewiring imposed by these 

changes, some do succeed. In V. anguillarum, whether these replacements have had a 

positive adaptive effect on novel lineages is unclear. While the ecological significance of 

each of these replacements is thus far undetermined, it is notable that lineage L2i is 

associated with one host - Gadidae. Thus, the mosaic replacement present in this lineage may 

have contributed to host specialisation. Lineage L4 isolate Vib104 has also received some of 

this region from a similar donor. While this isolate has not officially been determined to be a 

separate sublineage within L4, similar to L2i, it is also a strain found in Gadidae. Thus, 

Further sequencing efforts focused on serotype O2b isolates on Gadidae hosts may help 

uncover the association between isolates carrying these gene segments with specialisation 

within these hosts.  

Interestingly, the two largest replacements identified in L2i and L4 isolate VIB104 are 

significantly enriched for core genes. In Klebsiella, while trying to understand the occurrence 

of large recombination events, Comandatore et al. determine that genes around the origin are 

more likely to be core genes. However, there are no large replacements observed around the 

origin in this species. Instead, replacements are localised where accessory gene content is 

high, around the capsule (CPS) operon. Here, successful replacements are more likely to 

occur when the donor lineage shares a high number of genes that are essential or core to the 

recipient lineage within that region. Thus, a region enriched in core genes creates an 

opportunity for longer replacements because there is a lower chance that the new sequence 

will be missing necessary genes. This idea would also help explain why the origin of 

replication is featured so often in S. aureus in these replacements, as it is also rich in core and 

essential genes. In addition, with this mechanism, where many core genes are being 

translocated into a new genomic background, linkage disequilibrium between variants is 

maintained across all imported genes, potentially preserving important epistatic interactions. 
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However, since locations close to the origin of replication are highly enriched in core genes 

in K. pneumoniae, but no long recombination events are found there, this could mean that 

simply having lots of core genes is likely not sufficient for provoking a large replacement.  

Many of the large replacements that have been detected in other species are linked to capsule 

switching events, suggesting that these events present an important mechanism for generating 

antigenic variation (Chen et al., 2014; Croucher and Klugman, 2014; Wyres et al., 2015; 

Campisi et al., 2016). While the impact of smaller recombination events on LPS and EPS loci 

in V. anguillarum has previously been discussed here, these larger replacements may also be 

linked to important extracellular element switching events. For example, one segment carries 

4 of 19 annotated LPS genes. A full characterisation of LPS and EPS related genes outside of 

the previously described genomic islands may help establish links between these large 

replacements and LPS variation. In addition, two of these replacements in both L2 and L4 are 

located beside the LPS genomic islands. Thus, it may be that these larger replacements could 

be occurring alongside LPS genomic island recombination events. 

Harnessing the Pangenome Concept beyond Protein-Coding Regions 

Bioinformatic pipelines that harness the rich detail of genome data to capture the entire gene 

repertoire of a population are continuously being improved. However, most pangenomic 

studies focus solely on protein-coding regions. Here we have attempted to extend the 

pangenome concept to include nucleotide features IGRs, tRNAs and rRNAs. Although 

programs such as PIRATE (Bayliss et al., 2019) or, more recently, Panaroo (Tonkin-Hill et 

al., 2020) have allowed for more biologically accurate protein clustering, further calibration 

of pangenomic techniques is needed to help distinguish biologically meaningful clustering of 

IGR sequences and RNAs. Panaroo accounts for errors in annotation, which would be 

especially useful to apply to IGR sequences that are defined and extracted based on the 

annotation of other elements in the genome. 

In addition to these attempts to correct for challenging aspects of pangenome construction, 

studies endeavouring to establish the effects of evolution on the pangenome and capture the 

coordinated movement of genes throughout a population are being carried out (McInerney et 

al., 2017; Brockhurst et al., 2019; Whelan et al., 2020). Together these investigations are 

advancing the capabilities of the pangenome concept itself in identifying novel evolutionary 

dynamics of pangenomes within and between species. In addition, multiple tools are now 
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incorporating information about the chromosomal context of gene families. One example of 

this is the emergence of studies representing pangenomes as networks and graphs. PIRATE, 

PPanGGolin and Panaroo are all equipped with the tools to build pangenome graphs, which 

can be visualised using Bandage (Wick et al., 2015; Bayliss et al., 2019; Tonkin-Hill et al., 

2020; Gautreau et al., 2020). More recently, a network visualisation package Graphia has 

been harnessed to view these graphs (Freeman et al., 2020). Network analysis of pangenome 

data has been harnessed to detect accessory genes that are statistically likely to be found in 

the same genomes, whether colocalised or not, or genes that tend to avoid residing in the 

same genomes (Whelan et al., 2020).  

With the exception of piggy and Pandora, evaluation of pangenome graphs and genome 

localisation ignore intergenic regions and non-protein-coding elements of the genome 

(Thorpe et al., 2018; Colquhoun et al., 2020). Pandora utilises intergenic regions to help 

create a population reference, facilitating core and non-core SNP analysis, while piggy 

groups co-localised genes and IGRs specifically to detect switch events. Here, we examine 

the utility of incorporating clusters of protein-coding regions and RNAs identified using 

PIRATE and intergenic regions using piggy. 

IGR Variation Across a Population is Largely Stable and Impacted by Recombination, 

Duplication and Switching Events 

In chapter 4, we explored the phenomenon of IGR switching in V. aestuarianus. Switching 

refers to when the intergenic region between two genes is altered, which can directly impact 

gene expression (Oren et al., 2014; McNally et al., 2016; Thorpe et al., 2018). Switching 

intergenic regions involves swapping out important regulatory factors, a unique process to 

generate variation in gene expression networks. We showed that switching events could be 

detected between highly divergent lineages in V. aestuarianus, while within closely related 

clades, true switching events were rare. This allowed for similar switching events to be 

detected in multiple genomes and allowed for switched regions that have been vertically 

transmitted to be determined. This is the first time that switching events have been mapped 

onto a tree structure in this way. This approach invites the application of techniques such as 

GWAS to link changes in IGR gene relationships in the population to functional changes in a 

similar way to events such as SNPs or gene content variation (Brynildsrud et al., 2016; Lees 

et al., 2018). However, it is noted that while changes in IGR can be detected in this way, not 
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all changes will have an impact on bacterial gene expression and may reflect weaker selection 

acting upon those sites (Thorpe et al., 2017; Thorpe et al., 2018).  

This application of the pangenome concept to IGRs also allows for the systematic study of 

IGRs as distinct units. Here we have attempted to adapt existing pangenomic techniques to 

assess IGR mobility and detect IGRs associated with multiple gene neighbourhoods. In the 

dataset analysed, we noticed that IGR gene relationships are highly stable. We noted that 

while duplication events tend to involve the movement of genes and their constitutive IGR, 

some IGRs have duplicated and become associated with new gene families. While this is the 

first study attempting to quantify the mobility of IGRs as distinct units within and between 

genomes, similar studies have been conducted that focus entirely on mobile promotor 

sequences (Nijveen et al., 2012). These studies have detected mobile promotor regions that 

can transmit horizontally between genomes and, once established, can be duplicated within a 

genome. Many impactful switching events, including those where IGRs have experienced 

INDELS, likely involve incorporating these mobile promotor regions into a native IGR. 

Future studies of IGR mobility could attempt to characterise mobile promotors within IGR 

clusters, merging these two approaches to gauge the mobility of regulatory factors among the 

intergenic region pangenome.  

Incorporating RNA Loci into the Pangenome Concept 

Non-protein-coding RNA loci are typically excluded from pangenome analyses. Here we 

have used the pangenome tool PIRATE to examine the tRNA and rRNA pangenome in the V. 

anguillarum species cluster. While this process is of particular importance for incorporating 

RNA genes into switched region detection using piggy, it could also be a useful, scalable tool 

for assessing rRNA diversity and copy number within bacterial species. RNA operons are 

essential for the functioning of a cell, and the number of RNA operons present can have a 

huge impact on the growth rate and other key adaptive functions (Roller et al., 2016). How 

diverse in RNA copy number within a species and the phenotypic outcomes of that diversity 

has only been assessed in a limited number of species (Valdivia-Anistro et al., 2016; 

Stevenson and Schmidt, 2004). Thus, by incorporating RNA copy number and allele 

variation into a widely used pangenome tool, more bacterial species could be easily 

interrogated to address these questions. Here we were able to define multiple rRNA gene 

families, further divided into alleles unique to the main clades within the species complex V. 
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aestuarianus vs V. anguillarum and V. ordalii. In addition, we identified rRNA alleles that 

are not shared with all isolates within a species (Figure 5.10). 

Similarly, multiple tRNA gene families were identified within the species complex, many of 

which were variably present in the population. Therefore, this tool is capable of showcasing 

allele and copy number variation of RNA genes within and between bacterial species. 

However, this also highlighted that genome annotation and quality heavily impacts the 

reliability of these assessments. Thus, high-quality reference genomes would be best placed 

to analyse the intra-species variation of RNA diversity and copy number. 

Concluding Remarks 

This thesis centres on applying whole-genome sequencing (WGS) to explore the diversity 

and genome evolution of important Vibrio pathogens to the aquaculture industry. In doing so, 

I have contributed novel whole-genome sequences for four species, which will enable future 

efforts to surveil their transmission and evolution.  

V. anguillarum is a significant pathogen of finfish and is extensively studied. Here we 

expanded the available sequences for this species to over one hundred strains and developed a 

whole-genome typing scheme that can be applied in future studies to characterise the many 

lineages within the population. In addition, I have uncovered multiple large homologous 

replacement events that have contributed to diversification within these lineages. This method 

of generating variation may play important roles in defining new ecological lineages in this 

species. 

V. aestuarianus is a significant emerging pathogen of oysters, and whole-genome data for 

this species is limited. Here we have contributed strains from Ireland, which strengthened the 

link between Clades previously identified in France and “summer mortality syndrome”. Also, 

multiple novel V. splendidus species complex strains have been sequenced. 

Lastly, I have explored the pangenomic diversity of these pathogenic species using elements 

of the genome rarely considered in pangenomic analysis. 

Future studies should focus on expanding these genome datasets to further characterise the 

genomic diversity and evolutionary strategies of Vibrio aquaculture pathogens. 
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Appendix 

SUPPLEMENTARY FIGURES 

 

Figure S1: Summary of 189 strains used in this study divided based on where the data 

was sourced.  

Isolates sequenced in this publication were selected to cover a variety of serotype, geographic 

origin and source of isolation. 
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Figure S2: Tree of 105 isolates with bootstrap values.  

The six major lineages are coloured and labelled. All major lineages are supported by 100% 

bootstrap values. 
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Figure S3: 37 PopPUNK lineages were identified in 105 Vibrio anguillarum isolates. 

Maximum-Likelihood phylogeny of 105 isolates with each leaf coloured and labelled by 

PopPUNK lineage. 
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Figure S4: ClonalFrameML output for 105 V. anguillarum isolates based on SNP 

alignment against the complete genome ATCC 68554 (775).  

Major lineages on the tree are coloured. Each line represents a lineage or a node in the tree. 

Recombined sites are labelled in dark blue. Polymorphic sites are shown on a scale from 

white to red, depending on how closely congruent they are to the branching order on the tree - 

white for highly congruent sites, red for poorly congruent sites. A red box indicates the 

location of a large recombination region and the L2 isolates affected. 

 

Figure S5: Comparison of phylogeny pre and post recombination removal.  

The trees are free to explore via the Microreact URLs: https://microreact.org/project/X-

2CDGKN1 (Pre-recombination removal) and https://microreact.org/project/F0V23AIZW 

(Post recombination removal). 
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Figure S6: Timeline of WGS isolate sampling.  

As not all isolates used have known sampling times, this represents 67 of the 105 public and 

newly sequenced isolates used. Isolates are coloured by major lineage. 
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                   Serotype     Country/Region    Species               Family 

 

Figure S7: Subtrees of six major lineages (post-recombination removal) with 

corresponding metadata.  

The curly red bracket indicates an L1 sub-lineage potentially associated with Rainbow trout. 

The two lineages of L2 (L2i and L2ii) that are highly distinctive by the MLSA data are shown 

by the black and white bars, respectively. 
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Figure S8: Individual trees for eight MLSA loci constructed using FASTtree.  

Leaves are coloured by major lineage. All isolates not included in these major lineages are 

coloured white. Sub-lineages L2i and L2ii are highlighted in loci rpoA, ftsZ and pyrH. 
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Figure S9: Illustration of positions of MLSA loci on Vibrio anguillarum VIB43 

chromosome 1.  

The positions of the large homologous recombination region (green) and the LPS 

biosynthesis-related genomic island (beige) are also indicated. Loci pyrH, ftsZ and rpoA, are 

located within the large homologous recombination. 
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Figure S10: ProgressiveMauve alignment of five complete genomes reveal that the large 

homologous replacement occurs on a long Locally Collinear Block (LCB).  

Isolates included are VIB43 (L2i), VIB12 (L27), M3 (L1), JLL237 (L8), and ATCC 68554 

(775 - L1). The positions of the 0.5-Mb homologous recombination and the LPS biosynthesis-

related genomic island as identified in VIB43 are indicated in green and beige, respectively. 

Both recombination events are located on a large pink Locally Collinear Block (LCB), which 

is a region that does not contain genome rearrangements between isolates. 
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Figure S11: Genes within the large homologous recombination absent in L2i.  

Comparison of sequences within HI618 (L2i - top) and VIB43 (L2ii – bottom). Three labelled 

segments in VIB43 represent genes found in L2ii isolates but missing in L2i isolates. Segment 

2 consists of a group II intron reverse transcriptase/maturase and a DUF1508 containing 

protein. Segment 2 contains 15 genes, including six transposases, an integrase core domain 

protein, luxR, an SLR family protein, and a rhomboid family protease. The third segment 

contains one gene, a transposase. 
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Figure S12: Artemis Comparison Tool comparison of L2ii strain VIB43 and L1 strain 775 

reveals variation in LPS biosynthesis-related region of chromosome 1.  

VIB43 and 775 contain different sets of genes in a region. The gene set found in VIB43 is 

shared with 22 isolates. All known serotype 02 strains are included in this set of isolates. 

Some of this region in VIB43 shows similarity to an LPS biosynthesis-related region in V. 

cholera (Aydanian et al. 2011) (GU576499.1). Another smaller region missing in 775 and 

exclusive to 36 isolates contains capsule-related genes. 

 

https://paperpile.com/c/JAsDG3/dywV
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Figure S13: Comparison of gene content on and beside the SNP dense region of the LPS 

biosynthesis-related genomic island in five representative isolates.  

Genes with high nucleotide variation between isolates are shown in beige. VIB43 (L2ii) 

contains variant 1 of the GI, which differs from the rest of L2ii and is instead similar to L2i. It 

also contains a variation in gene content where fmt has been replaced by three genes - an 

ISVa15 transposase, pglE, and a sugar O-acetyltransferase. L2i isolates and Vib13 appear to 

have the same variant of this recombination region as VIB43 (variant 1). Vib69 represents 

variant 2 of this GI, also found in Vib552 and Vib77. These isolates do not contain a copy of 

the ISAs1 family transposase found in all other isolates. J360 represents L2ii and contains two 

copies of the ISAs1 family transposase. NCT 12159 represents L4 isolates and contains five 

copies of the ISAs1 family transposase. VIB12 (L27) contains a similar variant in both 

nucleotide identity and gene content to L2ii isolates. Contig breaks around this region are 

found in many of the other isolates, possibly due to the presence of transposases. 
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Figure S14: Phylogeny of 45 V. aestuarianus strains using mapping approaches show 

inconsistencies within clades depending on the reference used. 

All isolates were mapped to scaffold reference isolate 02/041 from Clade A and isolates 

01/308 and 16060 from Clade B. A RAxML tree of each alignment is shown above, and the 

reference isolate is indicated in blue. Mapping to 02/041 groups French isolates in Clade B 

together but suggests that they are not basal to the clade. When mapped to 16060, these two 

isolates are not more closely related to each other than to isolates from Ireland in Clade B. 

Mapping to 01/308 produces a similar tree topology to a concatenated core genome 

alignment. Mapping to 02/041 also indicates that O-0-0-16-10 is basal to Clade A, whereas all 

other trees constructed place isolate 01/151 at the base of the clade.  
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Figure S15: V. splendidus gene presence-absence. 

Gene presence-absence for 120 V. splendidus-like isolates depicted using Phandango 

(Hadfield et al., 2017). Dark blue indicates the presence of a gene family. This species has 

18,891 distinct gene families, of which 13,270 are accessory. 

 

https://paperpile.com/c/DMRMs2/M6eib


Appendix 

185 

 

Figure S16: Type IV secretion system gene cassette absent in isolate MHK3 

A BLAST comparison of chromosome one of isolates 775 and MHK3 visualised using the 

Artemis Comparison Tool (ACT) (Carver et al., 2005). A type six secretion system found in 

isolate 775 is absent in isolate MHK3. In isolate 775, this cassette is flanked by transposases. 

 

Figure S17: tSNE-network of the CDS pangenome of Vibrio anguillarum 

A network representation of accessory gene neighbours in Vibrio anguillarum calculated 

using Panini (Abudahab et al., 2019). A closer view of non-L1 isolates shows that isolates 

from L2 L4 and VIB12 are significantly similar in gene content compared to other lineages in 

the population. 
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SUPPLEMENTARY TABLES 

Table S1: Metadata for all 189 WGS and MLSA V. anguillarum isolates. 
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Table S2: Quality Control figures for read QC, mapping and assembly of 105 V. 

anguillarum WGS isolates. 
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Table S3: Summary of 10 major lineages identified using WGS and MLSA 

Lineage No. 

Isolates 

MLSA 

only 

WGS 

only 

Both WGS 

and MLSA 

CC-HT** HT’s** 

L1 55 19 28 8 CC-HT4 HT_4, HT_15, 

HT_16, HT_17, 

HT_18, HT_26, 

HT_33, HT_37, 

HT_40 

L2 49 40 7 2 CC-HT2 HT_2, HT_3, 

HT_32, HT_23 

L3 9 1 7 1   HT_5 

L4 11 4 6 1   HT_1 

L5 4 1 3 0  HT_9 

L6 3 0 2 1   HT_35 

L35 4 3 1 0 CC-HT20 HT_20, HT_21 

HT_30 * 4 4 0 0  HT_30 

CC-HT28 * 10 10 0 0 CC-HT28 HT_27, HT_28, 

HT_29 

HT_14 * 3 3 0 0   HT_14 

 

 * Lineage not represented in PopPUNK 

 ** As assigned in Steinum et al. 2016 

 

Table S4: Average pairwise diversity for MLSA loci for 189 isolates. 

MLSA 

loci 

atpA ftsZ gapA gyrB mreB pyrH rpoA topA 

Average 

pairwise 

diversity 

0. 002316 0.01671 0.006416 0.00778 0.008009 0.005095 0.0012782 0.00817 
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Table S5: Gene enrichment of mosaic recombination region in L2i using genes shared 

with reference strain 775: gene names as annotated in genome GCA_000217675.1 

Functional category Genes 

101-Kb region  

Metabolic pathways VAA_03535 VAA_03539 VAA_03542 VAA_03543 

VAA_03544 VAA_03547 VAA_03548 VAA_03550 

VAA_03561 VAA_03562 VAA_03564 VAA_03565 

VAA_03566 VAA_03567 VAA_03571 VAA_03572 

VAA_03575 VAA_03582 VAA_03583 VAA_03586 

VAA_03588 VAA_03589 VAA_03592 VAA_03593 

VAA_03596 VAA_03599 VAA_03857 

Flagellar assembly VAA_03516 VAA_03517 VAA_03518 VAA_03520 

VAA_03521 VAA_03522 VAA_03523 VAA_03526 

VAA_03527 VAA_03528 

Riboflavin metabolism VAA_03586 VAA_03588 VAA_03589 VAA_03857 

Lipopolysaccharide biosynthesis VAA_03547 VAA_03564 VAA_03565 VAA_03567 

Dna replication VAA_03550 VAA_03551 VAA_03562 VAA_03563 

Purine metabolism VAA_03543 VAA_03544 VAA_03550 VAA_03562 

VAA_03596 

Biosynthesis of secondary metabolites VAA_03535 VAA_03539 VAA_03543 VAA_03544 

VAA_03561 VAA_03571 VAA_03573 VAA_03596 

Pyrimidine metabolism VAA_03542 VAA_03550 VAA_03562 VAA_03575 

Fatty acid metabolism VAA_03548 VAA_03561 VAA_03566 

Terpenoid backbone biosynthesis VAA_03571 VAA_03573 

Fatty acid biosynthesis VAA_03561 VAA_03566 

Glycerophospholipid metabolism VAA_03572 VAA_03582 

Mismatch repair VAA_03550 VAA_03562 

Two-component system VAA_03524 VAA_03525 VAA_03557 VAA_03579 

Arginine and proline metabolism VAA_03592 VAA_03593 

Homologous recombination VAA_03550 VAA_03562 

Pyruvate metabolism VAA_03553 VAA_03561 

Bacterial chemotaxis VAA_03524 VAA_03525 

410-Kb Region  

Metabolic pathways VAA_02577 VAA_02578 VAA_02580 VAA_02581 

VAA_02582 VAA_02584 VAA_02591 VAA_02595 

VAA_02606 VAA_02607 VAA_02608 VAA_02609 

VAA_02614 VAA_02616 VAA_02617 VAA_02618 

VAA_02619 VAA_02620 VAA_02622 VAA_02624 

VAA_02627 VAA_02633 VAA_02634 VAA_02637 

VAA_02638 VAA_02647 VAA_02652 VAA_02663 

VAA_02695 VAA_02710 VAA_02711 VAA_02712 

VAA_02713 VAA_02726 VAA_02728 VAA_02743 

VAA_02754 VAA_02755 VAA_02759 VAA_02760 

VAA_02763 VAA_02769 VAA_02771 VAA_02772 

VAA_03626 VAA_03633 VAA_03641 VAA_03650 

VAA_03651 VAA_03652 VAA_03666 VAA_03668 

VAA_03670 VAA_03682 VAA_03683 VAA_03684 

VAA_03691 VAA_03692 VAA_03693 VAA_03694 

VAA_03697 VAA_03698 VAA_03703 VAA_03704 

VAA_03706 VAA_03710 VAA_03715 VAA_03716 

VAA_03718 VAA_03719 VAA_03720 VAA_03734 

VAA_03735 VAA_03736 VAA_03751 VAA_03764 

VAA_03765 VAA_03766 VAA_03772 VAA_03782 
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VAA_03789 VAA_03792 VAA_03793 VAA_03794 

VAA_03795 VAA_03796 VAA_03797 VAA_03801 

VAA_03802 VAA_03803 VAA_03804 

Ribosome VAA_02585 VAA_02669 VAA_02670 VAA_02671 

VAA_02672 VAA_02673 VAA_02674 VAA_02675 

VAA_02676 VAA_02677 VAA_02678 VAA_02679 

VAA_02680 VAA_02681 VAA_02682 VAA_02683 

VAA_02684 VAA_02685 VAA_02686 VAA_02687 

VAA_02688 VAA_02689 VAA_02691 VAA_02692 

VAA_02693 VAA_02694 VAA_02696 VAA_03737 

VAA_03738 

Biosynthesis of amino acids VAA_02577 VAA_02581 VAA_02582 VAA_02595 

VAA_02614 VAA_02617 VAA_02618 VAA_02619 

VAA_02620 VAA_02622 VAA_02633 VAA_02634 

VAA_02637 VAA_02647 VAA_02763 VAA_03633 

VAA_03641 VAA_03666 VAA_03682 VAA_03683 

VAA_03684 VAA_03691 VAA_03692 VAA_03693 

VAA_03694 VAA_03697 VAA_03706 VAA_03764 

VAA_03793 VAA_03794 VAA_03795 VAA_03796 

VAA_03801 VAA_03802 VAA_03803 VAA_03804 

Biosynthesis of secondary metabolites VAA_02577 VAA_02578 VAA_02581 VAA_02582 

VAA_02591 VAA_02595 VAA_02606 VAA_02607 

VAA_02608 VAA_02609 VAA_02617 VAA_02618 

VAA_02619 VAA_02620 VAA_02622 VAA_02624 

VAA_02633 VAA_02634 VAA_02637 VAA_02638 

VAA_02647 VAA_02710 VAA_02726 VAA_02728 

VAA_02763 VAA_02769 VAA_03626 VAA_03633 

VAA_03650 VAA_03651 VAA_03652 VAA_03668 

VAA_03684 VAA_03691 VAA_03692 VAA_03693 

VAA_03694 VAA_03706 VAA_03764 VAA_03789 

VAA_03793 VAA_03795 VAA_03796 VAA_03801 

VAA_03802 VAA_03803 VAA_03804 

Microbial metabolism in diverse 

environments 

VAA_02577 VAA_02578 VAA_02580 VAA_02581 

VAA_02584 VAA_02595 VAA_02596 VAA_02606 

VAA_02607 VAA_02608 VAA_02609 VAA_02614 

VAA_02616 VAA_02624 VAA_02637 VAA_02647 

VAA_02652 VAA_02711 VAA_02712 VAA_02713 

VAA_02726 VAA_02769 VAA_03641 VAA_03666 

VAA_03682 VAA_03683 VAA_03684 VAA_03691 

VAA_03692 VAA_03693 VAA_03694 VAA_03706 

VAA_03764 VAA_03793 VAA_03794 

Carbon metabolism VAA_02577 VAA_02578 VAA_02580 VAA_02584 

VAA_02595 VAA_02606 VAA_02607 VAA_02608 

VAA_02609 VAA_02614 VAA_02616 VAA_02624 

VAA_02637 VAA_02652 VAA_02726 VAA_02769 

VAA_03666 VAA_03764 VAA_03793 VAA_03794 

Alanine, aspartate and glutamate 

metabolism 

VAA_02620 VAA_02622 VAA_02663 VAA_02759 

VAA_02760 VAA_03691 VAA_03692 VAA_03693 

VAA_03694 VAA_03703 VAA_03704 VAA_03782 

2-oxocarboxylic acid metabolism VAA_02617 VAA_02618 VAA_02619 VAA_02622 

VAA_02647 VAA_03633 VAA_03795 VAA_03796 

VAA_03801 VAA_03802 VAA_03803 VAA_03804 

Peptidoglycan biosynthesis VAA_02627 VAA_02754 VAA_03715 VAA_03716 

VAA_03718 VAA_03719 VAA_03720 VAA_03721 

VAA_03722 

Arginine and proline metabolism VAA_02617 VAA_02618 VAA_02619 VAA_02620 

VAA_02622 VAA_02647 VAA_02648 VAA_02649 

VAA_02763 VAA_03633 
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Methane metabolism VAA_02577 VAA_02578 VAA_02616 VAA_02726 

VAA_02769 VAA_03666 VAA_03764 VAA_03794 

Pyrimidine metabolism VAA_02695 VAA_02709 VAA_02759 VAA_02760 

VAA_02771 VAA_03668 VAA_03670 VAA_03703 

VAA_03704 VAA_03765 VAA_03766 

Lysine biosynthesis VAA_02581 VAA_02647 VAA_03641 VAA_03684 

VAA_03706 VAA_03720 VAA_03721 

Purine metabolism VAA_02663 VAA_02695 VAA_02709 VAA_02711 

VAA_02712 VAA_02713 VAA_02771 VAA_03668 

VAA_03669 VAA_03748 VAA_03766 VAA_03767 

Oxidative phosphorylation VAA_02606 VAA_02607 VAA_02608 VAA_02609 

VAA_02725 VAA_03734 VAA_03735 VAA_03736 

Pentose phosphate pathway VAA_02577 VAA_02578 VAA_02637 VAA_02726 

VAA_03669 VAA_03671 VAA_03793 

Valine, leucine and isoleucine biosynthesis VAA_03795 VAA_03796 VAA_03801 VAA_03802 

VAA_03803 VAA_03804 

Glycine, serine and threonine metabolism VAA_02581 VAA_02624 VAA_02769 VAA_03666 

VAA_03682 VAA_03683 VAA_03684 VAA_03794 

Pyruvate metabolism VAA_02584 VAA_02606 VAA_02607 VAA_02608 

VAA_02609 VAA_02616 VAA_02624 VAA_03801 

Two-component system VAA_02573 VAA_02606 VAA_02607 VAA_02608 

VAA_02609 VAA_02651 VAA_02739 VAA_03687 

VAA_03689 VAA_03734 VAA_03735 VAA_03736 

VAA_03754 VAA_03770 

C5-branched dibasic acid metabolism VAA_03795 VAA_03796 VAA_03802 VAA_03803 

VAA_03804 

Glycolysis / gluconeogenesis VAA_02577 VAA_02578 VAA_02595 VAA_02624 

VAA_02726 VAA_03764 

Homologous recombination VAA_02586 VAA_02771 VAA_03635 VAA_03636 

VAA_03637 VAA_03773 

Sulfur metabolism VAA_02582 VAA_02614 VAA_02711 VAA_02712 

VAA_02713 

Galactose metabolism VAA_02577 VAA_03650 VAA_03651 VAA_03652 

Cysteine and methionine metabolism VAA_02581 VAA_02582 VAA_02614 VAA_03684 

VAA_03697 

Nitrogen metabolism VAA_03691 VAA_03692 VAA_03693 VAA_03694 

Beta-lactam resistance VAA_02627 VAA_03621 VAA_03722 VAA_03750 

Pantothenate and coa biosynthesis VAA_03626 VAA_03771 VAA_03795 VAA_03796 

Protein export VAA_02612 VAA_02690 VAA_03708 VAA_03776 

Table S6: Gene enrichment of three recombination blocks in Vib104 using genes shared 

with reference strain 775: gene names as annotated in genome GCA_000217675.1 

Functional category Genes 

84-Kb region 
 

Metabolic pathways VAA_02544, VAA_02545, VAA_02546, VAA_02547, 

VAA_02548, VAA_02559, VAA_02560, VAA_02561, 

VAA_02563, VAA_02568, VAA_02577, VAA_02578, 

VAA_02580, VAA_02581, VAA_02582, VAA_02584, 

VAA_02591, VAA_02595, VAA_02606, VAA_02607, 

VAA_02608, VAA_02609 

Microbial metabolism in diverse 

environments 

VAA_02544, VAA_02545, VAA_02547, VAA_02562, 

VAA_02577, VAA_02578, VAA_02580, VAA_02581, 
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VAA_02584, VAA_02595, VAA_02596, VAA_02606, 

VAA_02607, VAA_02608, VAA_02609 

Carbon metabolism VAA_02544, VAA_02545, VAA_02547, VAA_02562, 

VAA_02577, VAA_02578, VAA_02580, VAA_02584, 

VAA_02595, VAA_02606, VAA_02607, VAA_02608, 

VAA_02609 

Biosynthesis of secondary metabolites VAA_02544, VAA_02545, VAA_02546, VAA_02547, 

VAA_02561, VAA_02563, VAA_02577, VAA_02578, 

VAA_02581, VAA_02582, VAA_02591, VAA_02595, 

VAA_02606, VAA_02607, VAA_02608, VAA_02609 

Pyruvate metabolism VAA_02544, VAA_02545, VAA_02547, VAA_02584, 

VAA_02606, VAA_02607, VAA_02608, VAA_02609 

Two-component system VAA_02555, VAA_02572, VAA_02573, VAA_02606, 

VAA_02607, VAA_02608, VAA_02609 

Glycolysis / gluconeogenesis VAA_02547, VAA_02577, VAA_02578, VAA_02595 

Oxidative phosphorylation VAA_02606, VAA_02607, VAA_02608, VAA_02609 

Biosynthesis of amino acids VAA_02546, VAA_02561, VAA_02577, VAA_02581, 

VAA_02582, VAA_02595 

Propanoate metabolism VAA_02544, VAA_02545, VAA_02547 

Fructose and mannose metabolism VAA_02577, VAA_02578, VAA_02595 

Methane metabolism VAA_02547, VAA_02577, VAA_02578 

Arginine and proline metabolism VAA_02561, VAA_02562, VAA_02563 

Alanine, aspartate and glutamate 

metabolism 

VAA_02559, VAA_02560, VAA_02568 

Pyrimidine metabolism VAA_02548, VAA_02559, VAA_02560 

Fatty acid biosynthesis VAA_02544, VAA_02545 

Pentose phosphate pathway VAA_02577, VAA_02578 

Fatty acid metabolism VAA_02544, VAA_02545 

Cysteine and methionine metabolism VAA_02581, VAA_02582 

Homologous recombination VAA_02548, VAA_02586 

Purine metabolism VAA_02548, VAA_02562 

347-Kb region 
 

Metabolic pathways VAA_03066, VAA_03081, VAA_03082, VAA_03083, 

VAA_03084, VAA_03099, VAA_03101, VAA_03124, 

VAA_03125, VAA_03126, VAA_03127, VAA_03141, 

VAA_03160, VAA_03161, VAA_03168, VAA_03169, 

VAA_03184, VAA_03197, VAA_03199, VAA_03226, 

VAA_03227, VAA_03229, VAA_03230, VAA_03231, 

VAA_03242, VAA_03243, VAA_03265, VAA_03270, 

VAA_03272, VAA_03273, VAA_03277, VAA_03279, 

VAA_03280, VAA_03307, VAA_03313, VAA_03314, 

VAA_03315, VAA_03316, VAA_03317, VAA_03318, 

VAA_03319, VAA_03328, VAA_03337, VAA_03338, 

VAA_03341, VAA_03343, VAA_03344, VAA_03345, 

VAA_03346, VAA_3150, VAA_3320 

Biotin metabolism VAA_03226, VAA_03227, VAA_03229, VAA_03230, 

VAA_03231, VAA_03270, VAA_03272, VAA_03273, 

VAA_03341, VAA_03343 

Abc transporters VAA_03078, VAA_03079, VAA_03179, VAA_03180, 

VAA_03181, VAA_03182, VAA_03200, VAA_03203, 

VAA_03204, VAA_03205, VAA_03245, VAA_03246, 

VAA_03247, VAA_03248, VAA_03250 

Fatty acid biosynthesis VAA_03270, VAA_03272, VAA_03273, VAA_03341, 

VAA_03343, VAA_03344, VAA_03345 
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Fatty acid metabolism VAA_03270, VAA_03272, VAA_03273, VAA_03341, 

VAA_03343, VAA_03344, VAA_03345 

Ubiquinone and other terpenoid-quinone 

biosynthesis 

VAA_03313, VAA_03314, VAA_03315, VAA_03316, 

VAA_03317, VAA_03318 

Histidine metabolism VAA_03124, VAA_03125, VAA_03126, VAA_03127, 

VAA_03265 

Beta-lactam resistance VAA_03245, VAA_03246, VAA_03247, VAA_03248, 

VAA_03250 

Two-component system VAA_03054, VAA_03092, VAA_03102, VAA_03160, 

VAA_03161, VAA_03177, VAA_03188, VAA_03219, 

VAA_03253, VAA_03292, VAA_03326 

Carbon metabolism VAA_03242, VAA_03243, VAA_03277, VAA_03279, 

VAA_03280, VAA_03307, VAA_03328, VAA_3196 

Bacterial chemotaxis VAA_03054, VAA_03092, VAA_03102, VAA_03177, 

VAA_03188, VAA_03219, VAA_03326 

Homologous recombination VAA_03163, VAA_03164, VAA_03165, VAA_03175, 

VAA_03337 

Biosynthesis of secondary metabolites VAA_03066, VAA_03101, VAA_03137, VAA_03279, 

VAA_03313, VAA_03314, VAA_03315, VAA_03316, 

VAA_03317, VAA_03318, VAA_03319, VAA_03328, 

VAA_3320 

Microbial metabolism in diverse 

environments 

VAA_03081, VAA_03141, VAA_03156, VAA_03242, 

VAA_03243, VAA_03277, VAA_03279, VAA_03280, 

VAA_03307, VAA_03328 

Lipopolysaccharide biosynthesis VAA_03168, VAA_03169, VAA_03197, VAA_03199 

Biosynthesis of unsaturated fatty acids VAA_03272, VAA_03305, VAA_03343 

Porphyrin and chlorophyll metabolism VAA_03081, VAA_03082, VAA_03083, VAA_03084 

Aminoacyl-trna biosynthesis VAA_03107, VAA_03108, VAA_03166, VAA_03232 

Purine metabolism VAA_03101, VAA_03144, VAA_03321, VAA_03328, 

VAA_03337, VAA_3320 

Propanoate metabolism VAA_03184, VAA_03242, VAA_03243 

Pentose phosphate pathway VAA_03277, VAA_03279, VAA_03280 

Taurine and hypotaurine metabolism VAA_03242, VAA_03243 

Pyruvate metabolism VAA_03184, VAA_03242, VAA_03243, VAA_03328 

Butanoate metabolism VAA_03141, VAA_03184, VAA_3196 

Pyrimidine metabolism VAA_03099, VAA_03337, VAA_03338, VAA_3320 

Oxidative phosphorylation VAA_03160, VAA_03161, VAA_03211 

Nicotinate and nicotinamide metabolism VAA_3150, VAA_3320 

Sulfur metabolism VAA_03066, VAA_03307 

Methane metabolism VAA_03242, VAA_03243 

75-Kb region 

 

Metabolic pathways VAA_00415, VAA_00424, VAA_00425, VAA_00433, 

VAA_00499, VAA_00500, VAA_00501, VAA_00508, 

VAA_00511, VAA_00512, VAA_00519, VAA_00522, 

VAA_00529, VAA_00531 

Biosynthesis of secondary metabolites VAA_00415, VAA_00421, VAA_00424, VAA_00425, 

VAA_00433, VAA_00501, VAA_00508, VAA_00511, 

VAA_00522 

Purine metabolism VAA_00150, VAA_00500, VAA_00501, VAA_00511, 

VAA_00540 

Protein export VAA_00523, VAA_00524, VAA_00525 

Phenylalanine, tyrosine and tryptophan 

biosynthesis 

VAA_00424, VAA_00425, VAA_00433 

Abc transporters VAA_00432, VAA_00536, VAA_00537, VAA_00538, 

VAA_00541 
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Thiamine metabolism VAA_00499, VAA_00519 

Terpenoid backbone biosynthesis VAA_00415, VAA_00508 

Bacterial secretion system VAA_00523, VAA_00524, VAA_00525 

Glyoxylate and dicarboxylate metabolism VAA_00529, VAA_00531 

Amino sugar and nucleotide sugar 

metabolism 

VAA_00419, VAA_00421 

 

Table S7: QC data for all V. aestuarianus and V. splendidus isolates 

 
  Assembly QC Read QC 

Id # 
contigs 

Assembly 
length 

GC N50 Ns per 
100kbp 

# reads 
pre-trim 

Average 
read 

length 
pre-trim 

Coverage 
pre-trim 

# reads 
post-
trim 

Average 
read 

length 
post 
trim 

Coverage 
post-trim 

V. splendidus                       

16029 49 5328264 44.19 273050 0 645271 289.01 67.71 583489 266.13 56.38 

16035 38 5333167 44.18 325767 0 837614 278.27 84.63 774195 257.98 72.52 

16037 44 5395803 44.21 578430 0 871092 275.71 87.20 823865 253.39 75.80 

16040 111 5677636 44.08 152610 0 669935 286.40 69.67 615382 257.84 57.61 

16042 114 5761853 44.28 139083 0 676463 277.04 68.04 630989 255.24 58.48 

16046 52 5489277 44.19 240621 0 664744 260.30 62.82 581750 230.29 48.64 

16051 52 5328009 44.18 397070 0 613995 254.01 56.63 471060 229.77 39.30 

16052 247 6147242 44.07 67864 0 1158143 265.85 111.79 1010602 244.51 89.72 

16061 57 5358464 44.18 260229 0 1226583 261.83 116.60 1056673 240.07 92.10 

16065 79 5324880 44.2 183414 0 1712522 237.35 147.58 1570316 227.13 129.50 

16069 334 6006754 44.12 43076 0 1911228 220.76 153.19 1726864 210.27 131.84 

16070 37 5478257 44.14 295384 0 2425066 274.68 241.85 1270339 250.19 115.40 

16073 41 5330025 44.18 363053 0 1108308 249.00 100.20 904690 229.17 75.28 

16074 74 5533645 44.13 152106 0 551444 279.51 55.96 514090 259.65 48.47 

16075 52 4909239 43.62 193838 0 560695 281.52 57.31 523872 245.05 46.61 

16077 105 5422211 44.08 122703 0 825203 259.07 77.62 634699 235.61 54.30 

16078 52 5348942 44.24 237423 0 288200 291.63 30.52 258245 271.67 25.47 

16079 187 5740372 44.08 79470 0 268666 289.28 28.22 244863 265.22 23.58 

12000 268 5341415 44.33 42461 3 na na na na na na 

0407ZC148 228 5481087 44.15 46489 0 na na na na na na 

10N_222_45_C6 142 5589203 44.14 82988 15 na na na na na na 

10N_222_45_F4 70 5358582 43.71 185375 462 na na na na na na 

10N_222_46_A6 145 5575245 44.08 84465 7 na na na na na na 

10N_222_46_B1 125 5466373 44.13 118984 14 na na na na na na 

10N_222_46_B6 150 5588942 44.1 81497 766 na na na na na na 

10N_222_46_C2 140 5536146 44.1 84889 9 na na na na na na 
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10N_222_46_E1 148 5538426 44.1 80856 12 na na na na na na 

10N_222_49_C7 144 5547922 44.1 84356 8 na na na na na na 

10N_222_51_B4 65 5593548 44.12 204583 412 na na na na na na 

10N_222_51_F8 66 5527052 44.15 248500 5 na na na na na na 

10N_222_51_F9 64 5358415 44.16 168296 14 na na na na na na 

10N_222_52_A7 45 5350789 44.2 221698 6 na na na na na na 

10N_222_52_F3 85 5788994 44.1 135258 14 na na na na na na 

10N_222_54_F7 73 5606923 44.05 222505 3 na na na na na na 

10N_261_45_A2 52 5361401 44.19 228886 350 na na na na na na 

10N_261_45_E8 233 5734064 44.09 69624 680 na na na na na na 

10N_261_46_B10 278 5842747 43.99 58078 652 na na na na na na 

10N_261_46_E9 92 5925040 44.07 296189 424 na na na na na na 

10N_261_48_B5 285 5647752 43.66 42733 698 na na na na na na 

10N_261_48_B7 64 5345287 44.13 188536 285 na na na na na na 

10N_261_49_A1 198 5804120 44.03 91396 416 na na na na na na 

10N_261_49_C11 98 5574942 44.07 130766 308 na na na na na na 

10N_261_52_F2 59 5400741 43.71 217541 272 na na na na na na 

10N_261_54_A1 107 5408648 44.2 103330 371 na na na na na na 

10N_261_54_E12 143 5311430 44.19 67582 535 na na na na na na 

10N_261_54_F5 415 5500404 43.65 27041 945 na na na na na na 

10N_261_55_E11 63 5339872 43.72 179435 314 na na na na na na 

10N_286_45_A10 742 5762478 44.05 13761 1308 na na na na na na 

10N_286_45_B3 74 5439202 44.14 135520 410 na na na na na na 

10N_286_45_F1 556 5398036 43.72 18465 347 na na na na na na 

10N_286_45_F12 157 5539015 44.07 79477 392 na na na na na na 

10N_286_46_A4 217 5492758 44.05 51067 445 na na na na na na 

10N_286_46_C9 65 5389217 44.11 213151 385 na na na na na na 

10N_286_48_F2 77 5445766 44.18 155817 640 na na na na na na 

10N_286_49_F1 42 5369438 43.66 373616 3 na na na na na na 

10N_286_49_F5 188 5306568 44.17 53638 248 na na na na na na 

10N_286_51_F2 137 5379121 44.16 76710 413 na na na na na na 

10N_286_52_B4 135 5937706 44.01 123536 490 na na na na na na 

10N_286_52_C6 129 5642629 44.08 91313 389 na na na na na na 

10N_286_52_E3 575 5212972 43.86 16387 279 na na na na na na 

10N_286_52_F10 44 5540676 44.1 267294 387 na na na na na na 

10N_286_54_F3 203 5838806 44.22 61368 358 na na na na na na 

12B01 26 5702234 44.06 580351 1856 na na na na na na 

12F01 70 5805140 44.07 187406 0 na na na na na na 

13B01 129 5527005 44.08 80732 1 na na na na na na 

1A01 35 5766375 44.03 510335 18 na na na na na na 
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1F_157 525 5565039 43.98 20293 7 na na na na na na 

1F_55 116 5732267 44.13 106088 0 na na na na na na 

1S_113 60 5316465 44.2 194274 0 na na na na na na 

1S_124 280 5262617 44.18 34264 5 na na na na na na 

1S_129 83 5350292 44.22 128185 0 na na na na na na 

1S_14 40 5323847 44.2 249041 0 na na na na na na 

1S_146 72 5384964 44.19 150766 0 na na na na na na 

1S_296 47 5394028 44.21 246675 0 na na na na na na 

5S_101 22 5453171 44.2 1679677 688 na na na na na na 

5S_122 92 5503948 44.12 140065 0 na na na na na na 

5S_210 39 5279504 44.26 313361 0 na na na na na na 

5S_226 65 5328665 44.22 230043 0 na na na na na na 

5S_238 67 5406706 44.16 198957 0 na na na na na na 

5S_245 58 5298000 44.19 217712 0 na na na na na na 

5S_272 104 5341876 44.21 99901 0 na na na na na na 

5S_279 67 5387455 44.15 196342 0 na na na na na na 

5S_283 52 5318761 44.19 183091 0 na na na na na na 

5S_57 49 5401162 44.1 246115 0 na na na na na na 

ATCC_33789 79 4954830 44.12 113850 0 na na na na na na 

BST398 2 5508387 44.12 3521946 0 na na na na na na 

CECT_8714 56 5414248 44.18 295020 0 na na na na na na 

DSM_19640 65 5728726 43.93 300419 0 na na na na na na 

FF_139 195 5822805 44.02 69057 0 na na na na na na 

FF_144 194 5875598 43.82 96027 0 na na na na na na 

FF_500 30 5850226 44.12 3201784 1090 na na na na na na 

FF_6 293 5624822 44.12 42279 7 na na na na na na 

MARa 47 5369816 44.42 392356 0 na na na na na na 

MOR1 36 5286389 44.21 425920 0 na na na na na na 

MOR2 35 5244288 44.24 586143 0 na na na na na na 

NCCB_53037 65 5739127 43.93 290730 0 na na na na na na 

ORI231 27 5531596 44.44 1884389 175 na na na na na na 

OU02 3 5716165 44.37 2022849 69 na na na na na na 

S7 74 5503897 44.04 217830 0 na na na na na na 

UCD_FRSSP16_15 43 5373978 44.11 819026 2 na na na na na na 

UCD_SED10 162 5895444 44.18 96546 3 na na na na na na 

UCD_SED7 53 5329879 44.11 589986 1 na na na na na na 

VaAn 82 5495060 44.33 131638 0 na na na na na na 

ZF_41 86 5733793 44.16 142344 0 na na na na na na 

ZF_90 157 5414227 44.18 67924 8 na na na na na na 

ZS_107 54 5451996 44.19 211032 0 na na na na na na 
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ZS_117 100 5340706 44.2 120882 0 na na na na na na 

ZS_138 89 5332557 44.24 118551 0 na na na na na na 

ZS_139 87 5283111 43.58 140727 9 na na na na na na 

ZS_173 56 5478817 44.15 227158 0 na na na na na na 

ZS_181 68 5270472 44.28 197390 0 na na na na na na 

ZS_183 63 5341905 44.21 178544 0 na na na na na na 

ZS_185 102 5441309 44.16 109042 0 na na na na na na 

ZS_198 82 5380622 44.16 138323 0 na na na na na na 

ZS_2 78 5461378 44.14 126924 0 na na na na na na 

ZS_211 269 5535057 44.18 40778 0 na na na na na na 

ZS_213 94 5456227 44.18 115347 0 na na na na na na 

ZS_58 77 5357620 44.18 143545 0 na na na na na na 

ZS_82 44 5370776 44.14 229699 0 na na na na na na 

ZS_90 44 5370048 44.14 270214 0 na na na na na na 

V. aestuarianus                     

16025 168 4091614 42.48 52585 0 482519 291.55 61.40 448977 259.74 50.90 

16028 229 4066240 42.68 59645 0 1853966 202.64 163.96 1605467 194.49 136.28 

16030 181 4064148 42.7 76211 0 602838 282.65 74.37 540936 241.50 57.02 

16033 170 4054045 42.71 72442 0 441311 294.21 56.67 389717 262.63 44.67 

16034 162 4036957 42.61 55236 0 802315 268.43 94.00 729905 247.58 78.87 

16036 205 4035788 42.71 59627 0 912994 255.72 101.89 700195 232.35 71.00 

16041 195 4034154 42.71 67124 0 1968469 209.31 179.82 1544612 199.33 134.37 

16043 182 4160507 42.67 76196 0 781093 279.93 95.43 723064 261.38 82.48 

16044 144 4068949 42.61 67387 0 748599 277.51 90.67 700251 258.07 78.87 

16048 169 4038650 42.71 77979 0 1032212 272.81 122.90 864498 246.84 93.13 

16049 191 4062956 42.7 68129 0 485100 289.27 61.24 446533 263.02 51.26 

16050 215 4021950 42.75 51986 0 1021342 268.21 119.55 876448 247.47 94.66 

16053 210 4056049 42.73 51992 0 616731 291.51 78.46 571218 262.18 65.36 

16054 175 4060458 42.63 56693 0 634438 282.45 78.21 574455 256.97 64.43 

16056 240 4162561 42.79 56877 0 1318411 262.22 150.89 1139367 241.76 120.22 

16057 182 4025836 42.74 65634 0 595852 290.39 75.52 554533 251.93 60.97 

16058 197 4159671 42.68 67121 0 663263 282.74 81.85 614024 259.80 69.62 

16059 157 4024641 42.63 56331 0 1000073 253.71 110.74 871254 233.32 88.72 

16060 166 4060616 42.62 57079 0 554253 279.80 67.68 500950 254.04 55.54 

16062 191 4062734 42.69 67262 0 717425 264.65 82.87 665788 246.57 71.65 

16063 211 4012731 42.67 46579 0 832979 262.14 95.30 724677 239.98 75.90 

16066 155 4065738 42.6 58381 0 1570041 263.19 180.35 1201523 249.61 130.89 

16067 157 4038291 42.71 78459 0 944186 276.52 113.95 843902 259.63 95.62 

16071 194 4061481 42.69 67225 0 1421875 268.88 182.21 1029671 247.45 121.43 

26_S26 213 4065240 42.56 47489 0 350603 279.58 46.72 323277 264.71 40.78 
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KB19 565 4944852 42.68 49888 18 na na na na na na 

U17 199 4178644 42.6 196739 0 na na na na na na 

01_032 24 4189337 42.84 527791 0 na na na na na na 

01_151 50 4345154 42.74 560026 0 na na na na na na 

01_308 115 4454396 42.55 246406 0 na na na na na na 

07_115 28 4228650 42.8 527797 0 na na na na na na 

12_016 43 4246614 42.78 1042304 0 na na na na na na 

12_055 41 4244651 42.78 1042299 1 na na na na na na 

12_063 112 4497348 42.6 514556 0 na na na na na na 

12_122 276 4858381 42.51 374968 1 na na na na na na 

12_128 57 4236572 42.8 1042389 1 na na na na na na 

12_130 72 4283294 42.77 1042315 0 na na na na na na 

12_142 108 4374023 42.65 1042563 0 na na na na na na 

LMG_7909 111 4149197 42.59 96002 0 na na na na na na 

O-00-16-10 221 4018023 42.67 67075 0 na na na na na na 

15_061_1T1 219 4099007 42.89 43962 0 na na na na na na 

15_064_3T2 226 4024279 42.79 44282 0 na na na na na na 

15_075_3T2 205 4394098 42.68 55001 0 na na na na na na 

12_122_3T3 205 4350651 42.73 50782 0 na na na na na na 

02_041 2 4196441 42.84 2986630 14 na na na na na na 

Table S8: Metadata for all publicly accessed isolates used in this study 

Isolate id Isolate name Site of extraction Isolation 
Source 

Date of 
isolation 

Sequencing 
Level 

BioProject 

V. aestuarianus – (Goudenge et al)         

01032 01_032 Argenton, Brittany, 
France 

Oyster 2001 Contig PRJEB5902 

01151 01_151 La Trinite, Brittany, 
France 

Oyster 2001 Contig PRJEB5903 

07115 07_115 Brittany, France Oyster 2007 Contig PRJEB5905 

12016 12_016 La Tremblade, 
Charente, France 

Oyster 2012 Contig PRJEB5906 

12055 12_055 Agnas, Charente 
Maritime, France 

Oyster 2012 Contig PRJEB5907 

12128 12_128 Brittany, France Oyster 2012 Contig PRJEB5910 

12130 12_130 Agnas, Charente 
Maritime, France 

Oyster 2012 Contig PRJEB5911 

12142 12_142 Normandy, France Oyster 2012 Contig PRJEB5912 

01308 01_308 Normandy, France Oyster 2001 Contig PRJEB5904 

12063 12_063 Brest, Brittany, 
France 

Oyster 2012 Contig PRJEB5908 

12122 12_122 Brittany, France Cockle 2012 Contig PRJEB5909 

KB19 11_KB19 Fangar Bay, Spain Oyster 2011 Contig PRJEB5913 
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U17 12_U17 Goro lagoon, Italy Zooplankton 2011 Contig PRJEB5914 

V. aestuarianus – NCBI (sourced September 2020)  

02_041 02/041 France Oyster 2002 Scaffold PRJNA623953 

15_075_3T2 15/075_3T2 Normandy, France Cockle 2015 Contig PRJNA607444 

12_122_3T3 12/122_3T3 Normandy, France Cockle 2012 Contig PRJNA607444 

15_064_3T2 15/064_3T2 Brittany, France Cockle 2015 Contig PRJNA607444 

15_061_1T1 15/061_1T1 Normandy, France Cockle 2015 Contig PRJNA607444 

LMG_7909 LMG 7909 USA Oyster 1983 Contig PRJNA623953 

O_00_16_10 O-00-16-10 USA     Contig PRJNA563078 

V. splendidus – NCBI (sourced September 2019)  

12E03 12E03 USA: MA Filtered 
Seawater 

Apr 2003 Scaffold PRJNA167010 

0407ZC148 0407ZC148 USA: Plum Island, MA Zooplankton Apr 2008 Contig PRJNA167017 

10N_222_45_C6 10N.222.45.C6 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

10 Aug 2010 Scaffold PRJNA328102 

10N_222_45_F4 10N.222.45.F4 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

10 Aug 2010 Scaffold PRJNA328102 

10N_222_46_A6 10N.222.46.A6 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

10 Aug 2010 Scaffold PRJNA328102 

10N_222_46_B1 10N.222.46.B1 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

10 Aug 2010 Scaffold PRJNA328102 

10N_222_46_B6 10N.222.46.B6 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

10 Aug 2010 Scaffold PRJNA328102 

10N_222_46_C2 10N.222.46.C2 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

10 Aug 2010 Scaffold PRJNA328102 

10N_222_46_E1 10N.222.46.E1 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

10 Aug 2010 Scaffold PRJNA328102 

10N_222_49_C7 10N.222.49.C7 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

10 Aug 2010 Scaffold PRJNA328102 

10N_222_51_B4 10N.222.51.B4 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

10 Aug 2010 Scaffold PRJNA328102 

10N_222_51_F8 10N.222.51.F8 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

10 Aug 2010 Scaffold PRJNA328102 

10N_222_51_F9 10N.222.51.F9 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

10 Aug 2010 Scaffold PRJNA328102 

10N_222_52_A7 10N.222.52.A7 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

10 Aug 2010 Scaffold PRJNA328102 

10N_222_52_F3 10N.222.52.F3 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

10 Aug 2010 Scaffold PRJNA328102 

10N_222_54_F7 10N.222.54.F7 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

10 Aug 2010 Scaffold PRJNA328102 

10N_261_45_A2 10N.261.45.A2 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

18 Sep 2010 Scaffold PRJNA328102 

10N_261_45_E8 10N.261.45.E8 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

18 Sep 2010 Scaffold PRJNA328102 

10N_261_46_B10 10N.261.46.B10 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

18 Sep 2010 Scaffold PRJNA328102 
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10N_261_46_E9 10N.261.46.E9 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

18 Sep 2010 Scaffold PRJNA328102 

10N_261_48_B5 10N.261.48.B5 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

18 Sep 2010 Scaffold PRJNA328102 

10N_261_48_B7 10N.261.48.B7 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

18 Sep 2010 Scaffold PRJNA328102 

10N_261_49_A1 10N.261.49.A1 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

18 Sep 2010 Scaffold PRJNA328102 

10N_261_49_C11 26_S26 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

18 Sep 2010 Scaffold PRJNA328102 

10N_261_52_F2 10N.261.52.F2 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

18 Sep 2010 Scaffold PRJNA328102 

10N_261_54_A1 10N.261.54.A1 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

18 Sep 2010 Scaffold PRJNA328102 

10N_261_54_E12 10N.261.54.E12 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

18 Sep 2010 Scaffold PRJNA328102 

10N_261_54_F5 10N.261.54.F5 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

18 Sep 2010 Scaffold PRJNA328102 

10N_261_55_E11 10N.261.55.E11 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

18 Sep 2010 Scaffold PRJNA328102 

10N_286_45_A10 10N.286.45.A10 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

13 Oct 2010 Scaffold PRJNA328102 

10N_286_45_B3 10N.286.45.B3 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

13 Oct 2010 Scaffold PRJNA328102 

10N_286_45_F1 10N.286.45.F1 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

13 Oct 2010 Scaffold PRJNA328102 

10N_286_45_F12 10N.286.45.F12 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

13 Oct 2010 Scaffold PRJNA328102 

10N_286_46_A4 10N.286.46.A4 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

13 Oct 2010 Scaffold PRJNA328102 

10N_286_46_C9 10N.286.46.C9 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

13 Oct 2010 Scaffold PRJNA328102 

10N_286_48_F2 10N.286.48.F2 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

13 Oct 2010 Scaffold PRJNA328102 

10N_286_49_F1 10N.286.49.F1 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

13 Oct 2010 Scaffold PRJNA328102 

10N_286_49_F5 10N.286.49.F5 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

13 Oct 2010 Scaffold PRJNA328102 

10N_286_51_F2 10N.286.51.F2 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

13 Oct 2010 Scaffold PRJNA328102 

10N_286_52_B4 10N.286.52.B4 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

13 Oct 2010 Scaffold PRJNA328102 

10N_286_52_C6 10N.286.52.C6 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

13 Oct 2010 Scaffold PRJNA328102 

10N_286_52_E3 10N.286.52.E3 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

13 Oct 2010 Scaffold PRJNA328102 

10N_286_52_F10 10N.286.52.F10 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

13 Oct 2010 Scaffold PRJNA328102 

10N_286_54_F3 10N.286.54.F3 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

13 Oct 2010 Scaffold PRJNA328102 

12B01 12B01 USA: Plum Island, MA Marine 18 Sep 2011 Scaffold PRJNA13568 
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12F01 12F01 
   

Contig PRJNA81899 

13B01 13B01 
   

Scaffold PRJNA318805 

1A01 1A01 USA: Massachusetts, 
Nahant, Canoe Cove 

Filtered 
Seawater 

7 Oct 2013 Scaffold PRJNA414740 

1F_157 1F-157 USA: Massachusetts Filtered 
Seawater 

Sep 2006 Scaffold PRJNA167016 

1F_55 1F_55 USA: Plum Island, MA Filtered 
Seawater 

6 Sep 2006 Contig PRJNA419828 

1S_113 1S_113 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Contig PRJNA419828 

1S_124 1S-124 USA: Massachusetts Filtered 
Seawater 

Apr 2006 Scaffold PRJNA167018 

1S_129 1S_129 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Contig PRJNA419828 

1S_14 1S_14 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Contig PRJNA419828 

1S_146 1S_146 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Contig PRJNA419828 

1S_296 1S_296 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Scaffold PRJNA419828 

5S_101 5S-101 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Scaffold PRJNA167013 

5S_122 5S_122 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Contig PRJNA419828 

5S_210 5S_210 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Contig PRJNA419828 

5S_226 5S_226 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Contig PRJNA419828 

5S_238 5S_238 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Contig PRJNA419828 

5S_245 5S_245 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Contig PRJNA419828 

5S_272 5S_272 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Contig PRJNA419828 

5S_279 5S_279 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Contig PRJNA419828 

5S_283 5S_283 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Contig PRJNA419828 

5S_57 5S_57 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Contig PRJNA419828 

ATCC_33789 ATCC_33789 
   

Contig PRJNA68619 

BST398 BST398 Pacific Ocean Filtered 
Seawater 

30 10 2015 Complete 
Genome 

PRJNA481137 

CECT_8714 CECT 8714 South Korea Hemicentrotus 
pulcherrimus 
(sea urchin) 

2013 Contig PRJEB14357 

DSM_19640 DSM 19640 Germany 
 

21 Aug 2017 Contig PRJNA412290 

FF_139 FF_139 USA: Plum Island, MA Filtered 
Seawater 

6 Sep 2006 Contig PRJNA419828 

FF_144 FF_144 USA: Plum Island, MA Filtered 
Seawater 

6 Sep 2006 Contig PRJNA419828 
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FF_500 FF-500 USA: Plum Island, MA Filtered 
Seawater 

Sep 2006 Scaffold PRJNA167014 

FF_6 FF-6 USA: Plum Island, MA Filtered 
Seawater 

Sep 2006 Scaffold PRJNA167015 

MARa MARa Spain: Marbella Filtered 
Seawater 

22 Nov 2013 Contig PRJNA302718 

MOR1 MOR1 Morocco: Legzira Filtered 
Seawater 

4 Jan 2014 Contig PRJNA302718 

MOR2 MOR2 Morocco: Legzira Filtered 
Seawater 

4 Jan 2014 Contig PRJNA302718 

NCCB_53037 NCCB 53037 
   

Contig PRJNA302718 

ORI231 ORI231 USA Filtered 
Seawater 

 
Scaffold PRJNA357136 

OU02 OU02 China: Qingdao 
Bench 

Azumapecten 
farreri (Farrer's 
scallop) 

11 1 2015 Scaffold PRJNA398250 

S7 S7 Germany: Sylt Oyster Sep 2011 Contig PRJNA548064 

UCD_FRSSP16_
15 

UCD-
FRSSP16_15 

USA: Bodega Bay Haliotis 
rufescens (sea 
snail) 

16 Mar 2016 Contig PRJNA322707 

UCD_SED10 UCD-SED10 USA: Bodega Bay Seagrass 
sediment 

2015 Contig PRJNA294195 

UCD_SED7 UCD-SED7 USA: Bodega Bay Seagrass 
sediment 

2015 Contig PRJNA294194 

VaAn VaAn Greece Mussel 2015 Contig PRJNA349813 

ZF_41 ZF_41 USA: Plum Island, MA Filtered 
Seawater 

6 Sep 2006 Contig PRJNA419828 

ZF_90 ZF-90 USA: Massachusetts Filtered 
Seawater 

Sep 2006 Scaffold PRJNA167012 

ZS_107 ZS_107 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Contig PRJNA419828 

ZS_117 ZS_117 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Contig PRJNA419828 

ZS_138 ZS_138 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Contig PRJNA419828 

ZS_139 ZS-139 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Scaffold PRJNA167011 

ZS_173 ZS_173 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Contig PRJNA419828 

ZS_181 ZS_181 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Contig PRJNA419828 

ZS_183 ZS_183 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Contig PRJNA419828 

ZS_185 ZS_185 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Contig PRJNA419828 

ZS_198 ZS_198 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Contig PRJNA419828 

ZS_2 ZS_2 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Contig PRJNA419828 

ZS_211 ZS_211 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Contig PRJNA419828 
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ZS_213 ZS_213 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Contig PRJNA419828 

ZS_58 ZS_58 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Contig PRJNA419828 

ZS_82 ZS_82 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Contig PRJNA419828 

ZS_90 ZS_90 USA: Plum Island, MA Filtered 
Seawater 

28 Apr 2006 Contig PRJNA419828 

Table S9: Gene clusters shared by Clade A and two French Clade B strains 

Region No. Genes 
(No. 
Hypothetical) 

Products Annotated 

gene 

names 

Start End length Contig 

1 3 (0) Inovirus Gp2,  

Prophage CP4-57 

regulatory protein (AlpA),  

Ribonuclease HI 

rnhA_1 296444 297826 1382 gnl|XXX|02_041_1 

2 5 (1) AAA domain protein,  

hypothetical protein,  

putative type I restriction 

enzymeP M protein,  

Type-1 restriction enzyme 

R protein,  

Type I restriction 

modification DNA 

specificity domain protein 

hsdR_1 301262 309784 8522 gnl|XXX|02_041_1 

3 8 (4) Alpha-hemolysin 

translocation ATP-binding 

protein HlyB,  

Cadherin-like domain 

protein,  

Hemolysin secretion 

protein D%2C 

chromosomal,  

hypothetical protein,  

Toxin RTX-I translocation 

ATP-binding protein 

apxIB_1, 

hlyB, hlyD 

922475 937392 14917 gnl|XXX|02_041_1 

4 3 (2) hypothetical protein,  

putative ABC transporter 

ATP-binding protein YbiT 

ybiT_1 941905 944469 2564 gnl|XXX|02_041_1 
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5 

(PHAGE 

Vibrio 8 

NC 
022747 
(35)) 

49 (31) Bacteriophage replication 

gene A protein (GPA),  

Baseplate J-like protein,  

DNA adenine methylase,  

Gram-negative porin,  

Helix-turn-helix,  

hypothetical protein,  

Lysozyme RrrD,  

P2 phage tail completion 

protein R (GpR),  

Phage-related minor tail 

protein,  

Phage capsid scaffolding 

protein (GPO) serine 

peptidase,  

Phage head completion 

protein (GPL),  

Phage major capsid 

protein%2C P2 family,  

Phage regulatory protein 

CII (CP76),  

Phage small terminase 

subunit,  

Phage tail-collar fibre 

protein,  

Phage tail assembly 

chaperone,  

Phage virion 

morphogenesis family 

protein,  

Prokaryotic dksA/traR C4-

type zinc finger, 

Terminase-like family 

protein 

dam_2, 

rrrD 

1748260 1791752 43492 gnl|XXX|02_041_1 

6 3 (1) hypothetical protein,  

Methyl-accepting 

chemotaxis protein McpQ,  

Putative signaling protein 

mcpQ_3 1984978 1991358 6380 gnl|XXX|02_041_1 

7 2 (2) hypothetical protein 
 

2184708 2185514 806 gnl|XXX|02_041_1 

8 

(PHAGE 
Stx2 c 

1717 NC 

011357 
(2)) 

12 (10) hypothetical protein, 

Modification methylase 

PvuII, Type II restriction 

endonuclease EcoO109I 

pvuIIM 2656290 2666261 9971 gnl|XXX|02_041_1 

9 7 (4) ATP-dependent DNA 

helicase Rep,  

DNA-invertase hin,  

hypothetical protein,  

Tyrosine recombinase 

XerC 

hin, rep_1, 

xerC_7 

2801072 2810760 9688 gnl|XXX|02_041_1 

10 3 (3) hypothetical protein 
 

3275 6352 3077 gnl|XXX|02_041_2 
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11 39 (29) AbiU2,  

Antibiotic biosynthesis 

monooxygenase,  

Antitoxin YafN, FRG 

domain protein,  

Glutathione-dependent 

formaldehyde-activating 

enzyme,  

hypothetical protein,  

Maleylpyruvate 

isomerase,  

putative N-

acetyltransferase YafP,  

putative protein.1,  

Swt1-like HEPN,  

YaaC-like Protein 

gfa, 

nagL_2, 

yafN_1, 

yafP 

31104 92086 60982 gnl|XXX|02_041_2 

12 12 (8) 8-oxo-dGTP 

diphosphatase,  

Glyceraldehyde-3-

phosphate 

dehydrogenase-like 

protein,  

hypothetical protein, 

Transposase,  

Tyrosine recombinase 

XerC 

gap2_1, 

mutT_2, 

xerC_9 

598659 617095 18436 gnl|XXX|02_041_2 

13 13 (7) Acetyltransferase (GNAT) 

domain protein,  

hypothetical protein,  

Isonitrile hydratase,  

Nucleotidyltransferase,  

Phospholipase D,  

Putative racemase YgeA,  

Putative ribosomal N-

acetyltransferase YdaF 

inhA, pld, 

ydaF_3, 

ygeA 

1097749 1125040 27291 gnl|XXX|02_041_2 

14 

PHAGE 

Entero 
fiAA91 

ss NC 

022750 
(2) 

13 (9) AAA ATPase domain 

protein,  

Acetyltransferase (GNAT) 

domain protein,  

hypothetical protein,  

putative protein.1,  

Variant SH3 domain 

protein 

 
1139135 1155338 16203 gnl|XXX|02_041_2 

15 7 (6) hypothetical protein,  

Restriction endonuclease 

 
1184940 1202307 17367 gnl|XXX|02_041_2 

 

Table S10: Gene clusters unique to Clade B Irish isolates  

Region No. Genes 
(No. 
Hypothetical) 

Products Annotated 

gene 

names 

Start End length Contig 

1 7 (4) DNA replication and repair 

protein RecF,  

hypothetical protein, 

Phage integrase family 

recF_1 146612 156101 9489 gnl|XXX|16060_1 
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protein,  

RES domain protein 

2 8 (2) Bacterial TniB protein, 

hypothetical protein,  

Putative DNA repair 

helicase RadD, 

Putative type I restriction 

enzymeP M protein,  

Transcriptional regulator 

VspR, 

Type I restriction enzyme 

EcoKI M protein,  

Type I restriction 

modification DNA specificity 

domain protein 

hsdM, 

radD_1, 

vspR 

78441 87440 8999 gnl|XXX|16060_11 

3 3 (3) hypothetical protein 

 
54818 55782 964 gnl|XXX|16060_15 

4 10 (7) Adenylate and Guanylate 

cyclase catalytic domain 

protein, 

ATP-dependent RecD-like 

DNA helicase, 

hypothetical protein,  

Phage integrase family 

protein 

recD2 17870 29231 11361 gnl|XXX|16060_36 

5 2 (1) hypothetical protein, Porin-

like protein H 

ompH 26764 28616 1852 gnl|XXX|16060_40 

6 5 (2) HTH-type transcriptional 

regulator NimR, 

hypothetical protein, 

Sphingomyelinase C, 

tRNA (cytidine(34)-2'-O)-

methyltransferase 

nimR_1, 

sph, 

trmL_2 

2871 7403 4532 gnl|XXX|16060_47 

7 4 (0) Cytosine permease, 

HTH-type transcriptional 

regulator GalR, 

L-arabinose transport 

system permease protein 

AraP, 

L-arabinose transport 

system permease protein 

AraQ 

araP, 

araQ, 

codB, 

galR_5 

13483 19438 5955 gnl|XXX|16060_47 
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8 3 (2) Autonomous glycyl radical 

cofactor, 

hypothetical protein 

grcA_2 25538 26976 1438 gnl|XXX|16060_49 

9 6 (5) Chromosome partition 

protein Smc,  

hypothetical protein 

smc_2 352 7591 7239 gnl|XXX|16060_58 

10 2 (1) hypothetical protein, 

RiboL-PSP-HEPN 

 
22307 23951 1644 gnl|XXX|16060_58 

11 11 (3) 2-(5''-triphosphoribosyl)-3'-

dephosphocoenzyme-A 

synthase,  

Apo-citrate lyase 

phosphoribosyl-dephospho-

CoA transferase,  

Citrate lyase acyl carrier 

protein, Citrate lyase alpha 

chain,  

Citrate lyase subunit beta,  

hypothetical protein,  

Inner membrane protein 

CreD,  

Sensor histidine kinase 

DpiB,  

Transcriptional regulatory 

protein DpiA 

citD, citE, 

citF, citG, 

citX_1, 

creD, 

dpiA_2, 

dpiB_2 

226 8516 8290 gnl|XXX|16060_63 

12 3 (3) hypothetical protein 

 
123 2142 2019 gnl|XXX|16060_64 

13 4 (1) Adenosine deaminase,  

hypothetical protein, 

Tn7-like transposition 

protein D,  

UvrABC system protein B 

add, 

uvrB_3 

8836 18793 9957 gnl|XXX|16060_64 

14 9 (8) Chromosome partition 

protein Smc, 

hypothetical protein 

smc_3 2330 13245 10915 gnl|XXX|16060_74 

15 2 (2) hypothetical protein 

 
3277 4252 975 gnl|XXX|16060_81 

16 8 (1) [Citrate [pro-3S]-lyase] 

ligase,  

Apo-citrate lyase 

phosphoribosyl-dephospho-

CoA transferase, 

hypothetical protein,  

Methylmalonyl-CoA 

carboxyltransferase 5S 

citC, 

citX_2, 

oadB, 

oadG_2 

1088 11210 10122 gnl|XXX|16060_84 
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subunit, 

Oxaloacetate 

decarboxylase beta chain,  

Oxaloacetate 

decarboxylase gamma 

chain, 

Tripartite tricarboxylate 

transporter TctA family 

protein,  

Tripartite tricarboxylate 

transporter TctB family 

protein 

17 2 (2) hypothetical protein 

 
6092 8543 2451 gnl|XXX|16060_88 

18 6 (1) ADP-ribosylglycohydrolase,  

hypothetical protein, 

Prophage CP4-57 

regulatory protein (AlpA),  

Restriction endonuclease, 

Serine/threonine-protein 

kinase toxin HipA, 

ssDNA thymidine ADP-

ribosyltransferase%2C 

DarT 

hipA 1228 8735 7507 gnl|XXX|16060_93 

19 2 (1) hypothetical protein, 

Second Messenger 

Oligonucleotide or 

Dinucleotide Synthetase 

domain protein 

 
786 2464 1678 gnl|XXX|16060_98 

20 2 (2) hypothetical protein 

 
5079 6377 1298 gnl|XXX|16060_105 

21 4 (4) hypothetical protein 

 
161 5552 5391 gnl|XXX|16060_108 

 

Table S11: Gene clusters containing genes unique to Irish V. splendidus clade with five 

isolates. 

Region No. Genes 
(No. 
Hypothetical) 

Products Annotated 

gene 

names 

Start End length Contig 

1 3 (3) hypothetical protein 
 

506359 509846 3487 gnl|XXX|16073_1 

2 3 (3) hypothetical protein 
 

1318000 1320831 2831 gnl|XXX|16073_1 

3 3 (3) hypothetical protein 
 

30938 33812 2874 gnl|XXX|16073_2 

4 2 (2) hypothetical protein 
 

138949 246485 107536 gnl|XXX|16073_4 
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5 18 (10) Cobalt-zinc-cadmium 

resistance protein CzcA,  

HTH-type transcriptional 

activator CmpR,  

hypothetical protein,  

Multidrug resistance 

protein MdtA,  

Outer membrane protein 

OprM,  

Oxygen sensor histidine 

kinase NreB,  

Phospholipase A1,  

Putative cyclic di-GMP 

phosphodiesterase PdeB,  

Putative signaling protein 

cmpR_2, 

czcA_5, 

mdtA_3, 

nreB_1, 

oprM_2, 

pdeB_3, 

pldA_2 

116807 152416 35609 gnl|XXX|16073_6 

6 2 (1) hypothetical protein,  

UDP-Gal:alpha-D-

GlcNAc-

diphosphoundecaprenol 

beta-1%2C4-

galactosyltransferase 

wfeD 3448 8023 4575 gnl|XXX|16073_10 

7 3 (2) hypothetical protein,  

Type-1 restriction 

enzyme EcoKI specificity 

protein 

hsdS_2 58106 66374 8268 gnl|XXX|16073_11 

8 2 (2) hypothetical protein 
 

70913 72732 1819 gnl|XXX|16073_11 

 

Table S12: Metadata and QC for V. ordalii and isolate FF-167  

id Isolate Name Other Names 
Source of 

isolation 
Country Region 

Vib451 Vib 451 F380 Salmonid Australia 

ATCC33509 ATCC33509 

NCIMB 2167  

Vib 307 (HW) 

ATCC33509t (Vib307) HW 

Salmonid Australia 

FF_167 FF-167 - Seawater Massachusetts, USA 

id Year Data_Source Assembly_level Serogroup 

Vib451 NA This Publication Draft Genome O2a 

ATCC33509 1993 This Publication Draft Genome O2a 

FF_167 2006 NCBI (GCA_000287075.2) Draft Genome unknown 

id Total contigs Largest contig 
Total assembly 

length 

Reference length 

(Isolate 775) 
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FF67 222 137036 3760210 4052047 

ATCC33509 220 103470 3457214 4052047 

Vib451 226 103745 3509622 4052047 

id GC reference_GC N50 
Percentage genome 

aligned 

FF67 44.78 44.51 47654 78.064 

ATCC33509 44.71 44.51 33104 57.631 

Vib451 44.68 44.51 36414 57.693 
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SUPPLEMENTARY SCRIPTS 

Supplementary script 1: gw-pan.pl: 

 

#!/usr/bin/env perl 

# 

# gw-pan.pl  

# Author: Nicola Coyle 

# pipeline for whole-genome pangenomics 

#  

# This script uses runs piggy (Thorpe et al. 2018) and PIRATE(Bayliss et  

# al. 2019) on a set of isolates (list of GFF files required) on any set of 

# features IGR, CDS, tRNA and rRNA. Thus, gene clusters detected in the  

# piggy will include all features analysed by PIRATE.  

# It then runs Summary_file.py to collect data about each gene_IGR_gene  

# triplet. 

# It also converts all PIRATE summary files into Roary format for input to 

# Phandango and combines all features analysed by PIRATE into one  

# presence- absence file 

 

use strict; 

use warnings; 

use Getopt::Long qw(GetOptions); 

use Pod::Usage; 

use Cwd 'abs_path'; 

use File::Basename; 

 

 

=head1  SYNOPSIS 

  

 gw-pan-pipe.pl [--input /path/to/input_list][--runid int] [--output 

/path/to/output_directory] [opt_args]  

    

 Input options: 

  --input           list of isolate files to build a pangenome from  [ 

required ] 

 

 Output options 

  --output          output folder [ required ] 

   

 Module options 

  --features        features to build pangenome from [ default - 

CDS,IGR,rRNA,tRNA ] 

  --pirate-options      options to send to pirate [ optional ] 

  --pan-off         don't run any pangenome construction [ optional - 

default off ] 

  --dnds-on         calculate dn/ds ratios within clusters [  default off ] 

  --ns          n's and GC content per alignment [ default off ] 

 

 General options   

  --test-data 

  --keep        unused so far 

  --runid 

  --force 

  --cpus 

  --test 

  -h|--help  

   

=cut 
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# path to executing script 

my $script_path = abs_path(dirname($0)); 

 

# command line options 

my $input = ""; 

 

my $output = ""; 

my $runid = int(rand(10000));  

my $pirate_options = ""; 

 

my $features ="CDS,rRNA,tRNA"; 

my $pan_off = 0; 

my $summary = 0; 

my $dnds_on = 0; 

my $ns = 0; 

 

my $keep = 0; 

my $cpus = 1; 

my $force = 0; 

my $test = 0; 

my $help = 0; 

my $use_allele = 0; 

 

GetOptions( 

   

    'input=s'=> \$input, 

    'output=s'=> \$output, 

   

    'pirate_options=s'=> \$pirate_options,  

    'features=s'=> \$features, 

    'pan-off'=> \$pan_off, 

    'summary' => \$summary, 

    'dnds-on'=> \$dnds_on, 

    'ns'=> \$ns, 

  

    'runid=i' => \$runid, 

    'keep' => \$keep,  

    'cpus=i' => \$cpus, 

    'force' => \$force, 

    'test' => \$test, 

    'help|?' => \$help, 

    'use_allele' => \$use_allele 

 

) or pod2usage(1); 

pod2usage(1) if $help; 

 

# set test paths 

if ( $test == 1 ){ 

 

    # set test list  

    $input = "$script_path/../test/data/file_list.txt"; 

     

    # general settings  

    $output = "$script_path/../test/output"; 

    $runid = 1; 

    $force = 1; 

   

} 
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# check inputs 

pod2usage( {-message => q{ - ERROR requires input list}, -exitval => 1, -

verbose => 1 } ) if $input eq "";  

pod2usage( {-message => q{ - ERROR: output path is a required argument}, -

exitval => 1, -verbose => 1 } ) if $output eq ''; 

 

# check output directory 

unless ( -e $output ){ 

    die " - ERROR: could not make output directory ($output)\n" unless 

mkdir($output);  

} 

$output = abs_path($output); 

 

# check input file exists 

die " - ERROR: could not find file: $input" if !( -e $input ); 

 

# check executables in path – piggy, pirate, roary and PIRATE 

my $piggy = 0 ; 

$piggy = 1 if `command -v piggy;`; 

 

my $roary = 0; 

$roary = 1 if `command -v roary;`; 

 

my $pirate = 0; 

$pirate = 1 if `command -v PIRATE;`; 

 

# die if dependencies are not met 

print " - ERROR: piggy not in path.\n" if $piggy == 0; 

print " - ERROR: PIRATE not in path.\n" if $pirate == 0; 

die " - ERROR: dependencies missing\n" if $piggy == 0 || $pirate == 0; 

 

# find the directory for PIRATE and piggy for accessing other scripts later 

my $my_temp_pirate_dir=`whereis PIRATE`; 

my @t_array = split(/ /, $my_temp_pirate_dir); 

$my_temp_pirate_dir=dirname($t_array[1]); 

$my_temp_pirate_dir=dirname($my_temp_pirate_dir);  

print " - ERROR: failed to find PIRATE directory.\n" if $?; 

 

# check options and provide feedback 

print "\n----------------------------------------------\n\n"; 

print "Running GW-PAN\n\n\nPipeline settings:\n\n"; 

 

print " - input file: $input\n"; 

print " - output directory file: $output\n"; 

 

# make temp directory and cp all gff's to that dir from the list file  

# set that as $DIR 

unless ( -e "$output/temp_dir" ){ 

    die " - ERROR: could not make output directory ($output/temp_dir)\n" 

unless mkdir("$output/temp_dir");  

} 

 

# cp files from input list to $output/temp_dir 

print "\n\n - copying files to temporary folder"; 

my @genome_array = (); 

open INPUT, "$input" or die "ERROR: Could not open input file - $input\n"; 

while(<INPUT>){ 

     

    my $line = $_; 

    chomp $line; 
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    `cp $line "$output/temp_dir/"`; 

     

} 

 

# parse features - if nucleotide/aa 

my @feature_list = split(/,/, $features); 

my $regex = sprintf("\(%s\)", join("|", @feature_list)); 

print "\n----------------------------------------------\n\n"; 

 

# run PIRATE on each selected feature   

 

if( $pan_off ==0 ){ 

print " - Running PIRATE ...\n\n"; 

for my $feature (@feature_list) { 

 

  # check if features are CDS (amino acid or nucleotide) or alternative 

features (nucleotide only). 

  my $genic = 0; 

  my $nucleotide = 0; 

  $genic = 1 if $feature eq "CDS"; 

  $nucleotide = 1 if $genic == 0;  

  print " - PIRATE will be run on feature annotated as $feature\n"; 

 

  if ($nucleotide == 1){  

      my $pirate_run = system("perl $my_temp_pirate_dir/bin/PIRATE -i 

$output/temp_dir -o $output/PIRATE_$feature -t $cpus --r -f $feature --nucl 

--align > $output/PIRATE.$feature.log" ); 

    print " - ERROR: failed to build pangenome with feature: $feature.\n" 

if $?; 

  } else { 

    my $pirate_run = system("perl $my_temp_pirate_dir/bin/PIRATE -i 

$output/temp_dir -o $output/PIRATE_$feature -t $cpus --r -f $feature --

align  > $output/PIRATE.$feature.log" ); 

    print " - ERROR: failed to build pangenome with feature: $feature.\n" 

if $?; 

  } 

 

  # convert to Roary format 

  my $rcmd1 = system("perl 

$my_temp_pirate_dir/tools/convert_format/PIRATE_to_roary.pl --input 

$output/PIRATE_$feature/PIRATE.unique_alleles.tsv --output 

$output/PIRATE_$feature/roary.unique_alleles.tsv "); 

  print " - WARNING: failed to convert allele file to roary: $feature.\n - 

$rcmd1\n" if $?; 

  my $rcmd2 = system("perl 

$my_temp_pirate_dir/tools/convert_format/PIRATE_to_roary.pl --input 

$output/PIRATE_$feature/PIRATE.gene_families.tsv --output 

$output/PIRATE_$feature/roary.gene_families.tsv "); 

  print " - WARNING: failed to convert gene family file to roary: 

$feature.\n - $rcmd2\n" if $?; 

 

  # convert to Rtab - full pangenome 

  my $rcmd3 = system("perl 

$my_temp_pirate_dir/tools/convert_format/PIRATE_to_Rtab.pl --input 

$output/PIRATE_$feature/PIRATE.unique_alleles.tsv --output 

$output/PIRATE_$feature/PIRATE.unique_alleles.Rtab.tab -l 0 --high 1"); 

  print " - WARNING: failed to convert allele file to Rtab: $feature.\n - 

$rcmd3\n" if $?; 
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  my $rcmd4 = system("perl 

$my_temp_pirate_dir/tools/convert_format/PIRATE_to_Rtab.pl --input 

$output/PIRATE_$feature/PIRATE.gene_families.tsv --output 

$output/PIRATE_$feature/PIRATE.gene_families.Rtab.tab -l 0 --high 1"); 

  print " - WARNING: failed to convert gene family file to Rtab: 

$feature.\n - $rcmd4\n" if $?; 

 

 

} 

 

# remove GFF files  

 

unlink glob "$output/temp_dir/*.gff"; 

unlink "$output/temp_dir"; 

 

# checking which features worked  

 

my @include = (); 

foreach my $n (@feature_list) { 

        print " - checking for $n files...\n"; 

        if (-d "$output/PIRATE_$n" and -e 

"$output/PIRATE_$n/PIRATE.gene_families.tsv" and -d 

"$output/PIRATE_$n/modified_gffs" ) { 

                print " - directories and files in place for feature: 

$n\n"; 

                push @include, $n; 

        } else { 

                print " - WARNING - directories and files not found for 

feature: $n\n - feature will be excluded from further analysis\n"; 

        } 

} 

 

my $feature_length= scalar @include ; 

if ( $feature_length > 0){ 

        print " - piggy will be given features: \n@include \n\n\n----------

-----------------------\n\n"; 

}else{   

        die " - ERROR - no features with correct file structure found\n"; 

} 

 

 

# combine CDS tRNA and rRNA files  

print " - concatenating feature Roary files ...\n\n"; 

`mkdir $output/fake_roary_dir`; 

 

my $regex = "("; 

foreach (@include) { 

  $regex .= $_ . "|"; 

} 

$regex .= ")"; 

 

for my $feature(@include){ 

        `cp $output/PIRATE_$feature/PIRATE.gene_families.tsv 

$output/fake_roary_dir/PIRATE.$feature.gene_families.tsv`; 

        `cp $output/PIRATE_$feature/PIRATE.unique_alleles.tsv 

$output/fake_roary_dir/PIRATE.$feature.unique_alleles.tsv`; 

    `cp $output/PIRATE_$feature/roary.gene_families.tsv 

$output/fake_roary_dir/roary.$feature.gene_families.tsv`; 

    `cp $output/PIRATE_$feature/roary.unique_alleles.tsv 

$output/fake_roary_dir/roary.$feature.unique_alleles.tsv`; 
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        `cp $output/PIRATE_$feature/PIRATE.gene_families.Rtab.tab 

$output/fake_roary_dir/PIRATE.$feature.gene_families.Rtab.tab`; 

        `cp $output/PIRATE_$feature/PIRATE.unique_alleles.Rtab.tab 

$output/fake_roary_dir/PIRATE.$feature.unique_alleles.Rtab.tab`; 

} 

 

#Concatonate gene family files for all features  

opendir D, "$output/fake_roary_dir" or die "Could not open dir: $!\n"; 

my @filelist = grep(/PIRATE.$regex.gene_families.tsv/, readdir D); 

 

print "$regex\n\n"; 

 

# concatenate gene family files 

my $catcmd = `cd $output/fake_roary_dir; head -1 $filelist[0]  > 

"PIRATE.all_features.gene_families.tsv" ; tail -q -n +2 @filelist >> 

"PIRATE.all_features.gene_families.tsv"`; 

die " - ERROR: error concatonating gene family files  ...  (error -> 

$catcmd)\n" if $?; 

 

# make a Roary file for all features together 

system("perl $my_temp_pirate_dir/tools/convert_format/PIRATE_to_roary.pl --

input $output/fake_roary_dir/PIRATE.all_features.gene_families.tsv --output 

$output/fake_roary_dir/roary.all_features.gene_families.tsv "); 

print " - ERROR: failed to convert gene family file to roary.\n" if $?; 

 

# concatenate allele files for all features together 

opendir D, "$output/fake_roary_dir" or die "Could not open dir: $!\n"; 

@filelist = grep(/PIRATE.$regex.unique_alleles.tsv/, readdir D); 

 

$catcmd = `cd $output/fake_roary_dir; head -1 $filelist[0]  > 

"PIRATE.all_features.unique_alleles.tsv" ; tail -q -n +2 @filelist >> 

"PIRATE.all_features.unique_alleles.tsv"`; 

die " - ERROR: error concatenate unique allele files  ...  (error -> 

$catcmd)\n" if $?; 

 

# make a Roary file for all features together 

system("perl $my_temp_pirate_dir/tools/convert_format/PIRATE_to_roary.pl --

input $output/fake_roary_dir/PIRATE.all_features.unique_alleles.tsv --

output $output/fake_roary_dir/roary.all_features.unique_alleles.tsv "); 

print " - ERROR: failed to convert unique allele file to roary.\n" if $?; 

 

# make an Rtab file for all features together  

system("perl $my_temp_pirate_dir/tools/convert_format/PIRATE_to_Rtab.pl --

input $output/fake_roary_dir/PIRATE.all_features.unique_alleles.tsv --

output $output/fake_roary_dir/PIRATE.all_features.unique_alleles.Rtab.tab 

"); 

print " - ERROR: failed to convert unique allele file to Rtab.\n" if $?; 

 

print " - done concatenating feature files ...\n\n"; 

 

#----------------------------------------------- 

# Run piggy 

#----------------------------------------------- 

 

 

# choose a gene cluster file for piggy to run on – all features 

if($use_allele==1){ 

    `cp $output/fake_roary_dir/roary.all_features.unique_alleles.tsv 

$output/fake_roary_dir/gene_presence_absence.csv`; 

} else { 
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    `cp $output/fake_roary_dir/roary.all_features.gene_families.tsv 

$output/fake_roary_dir/gene_presence_absence.csv`; 

} 

 

print " - done concatenating feature files ...\n\n"; 

 

# run piggy using pirate modified gffs 

# check mod gff folder exits 

die " - Error modified gffs not found for piggy " unless -e 

"$output/PIRATE_CDS/modified_gffs";   

die " - Error roary like output not found for piggy " unless -e 

"$output/fake_roary_dir"; 

 

# run piggy 

my $piggy_run = system("time piggy -i $output/PIRATE_CDS/modified_gffs -o 

$output/piggy -r $output/fake_roary_dir -t $cpus -R > $output/piggy.log"); 

die " - ERROR: failed to run piggy.\n - command : $piggy_run\n\n" if $?; 

 

} else { 

    print " - pangenome build switched off\n\n"; 

} 

 

#----------------------------------------------- 

# Make summary file using Summary_file.py 

#----------------------------------------------- 

 

  if( $summary == 0 ){ 

  print " - Combining pangenome information into triplets...\n\n"; 

  my $sum_cmd = system("python $script_path/Summary_file.py -d $output"); 

  die " - ERROR: Summary did not build.\n" if $?; 

  } 

 

#----------------------------------------------- 

# Calculate distances in each cluster using  

# run_calc_dist_in_clus.py [optional] 

#----------------------------------------------- 

 

if( $ns==1 ){ 

    foreach my $feature (@feature_list) { 

        print " - Calculating ns and GC content per cluser for $feature 

...\n\n"; 

        # find n's GC and distance within a cluster alignment file 

        # check output directory 

        my $out = "$output/PIRATE_$feature/alignment_summaries"; 

        unless ( -e $out ){ 

                die " - ERROR: could not make output directory ($out)\n" 

unless mkdir($out); 

        } 

        $out = abs_path($out); 

        print("python $script_path/run_calc_dist_in_clus.py --input 

$output/PIRATE_$feature/PIRATE.gene_families.tsv --output $out --trees_off 

> $output/calc_ns.log"); 

        my $rcmd5 = system("python $script_path/run_calc_dist_in_clus.py --

input $output/PIRATE_$feature/PIRATE.gene_families.tsv --output $out --

trees_off > $output/calc_ns.log"); 

        print " - WARNING: failed to calculate alignment features for 

$feature.\n - $rcmd5\n" if $?; 

    } 

} 
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#----------------------------------------------- 

print "\n\n - done\n\n"; 

#----------------------------------------------- 
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Supplementary script 2: Summary_file.py 

 

#!/usr/bin/python 

# 

# Summary_file.py 

# Author: Nicola Coyle 

#  

# This script uses outputs from piggy (Thorpe et al. 2018) and PIRATE 

#(Bayliss et al. 2019) to find the immediate gene neighbours of each  

# IGR and assign the appropriate gene clusters. 

# Thus, it outputs the IGR cluster and two gene clusters present in every 

# gene-IGR-gene triplet in a set of data. 

#  

# It takes in the output of gw-pan.pl or paths to individually produced  

# pangenome output files. 

 

# load packages 

import os 

import re 

import os.path 

import sys, getopt 

from datetime import datetime 

startTime = datetime.now() 

 

# define isblank function 

def isBlank (myString): 

    return not (myString and myString.strip()) 

 

# initiate variables and read in options 

argv=sys.argv[1:] 

piggy_file = '' 

tRNA_file = '' 

rRNA_file = '' 

pangenome_file = ''     

results_folder = ''     

try: 

    opts, args = 

getopt.getopt(argv,"h:p:r:g:d:",["pfile=","rfile=","gfile=","dfile="]) 

except getopt.GetoptError: 

    print ('Summary_file.py -p <piggy_file> -r <RNA_file> -g 

<pangenome_file>') 

    print ("or") 

    print ('Summary_file.py -d <results_folder>') 

    sys.exit(2) 

for opt, arg in opts: 

    print (opt, arg) 

    if opt == '-h': 

        print( 'Summary_file.py -p <piggy_file> -tr <tRNA file> -rr 

<rRNA_file> -g <pangenome_file>') 

        print ("or") 

        print ('Summary_file.py -d <results_folder>') 

        sys.exit() 

    elif opt in ("-p", "--piggy_file"): 

        piggy_file = arg 

    elif opt in ("-tr", "--tRNA_file"): 

        tRNA_file = arg 

    elif opt in ("-rr", "--rRNA_file"): 

        rRNA_file = arg 

    elif opt in ("-g", "--pangenome_file"): 
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        pangenome_file = arg 

    elif opt in ("-d", "--results_folder"): 

        results_folder = arg  

        piggy_file = 

str("%s/PIRATE_IGR/PIRATE.gene_families.tsv")%(results_folder) 

        rRNA_file = 

str("%s/PIRATE_rRNA/PIRATE.gene_families.tsv")%(results_folder) 

        tRNA_file = 

str("%s/PIRATE_tRNA/PIRATE.gene_families.tsv")%(results_folder) 

        pangenome_file = 

str("%s/PIRATE_CDS/PIRATE.gene_families.tsv")%(results_folder) 

 

print ("Intergenic cluster file: %s") %( piggy_file) 

print ("rRNA cluster file: %s") %(rRNA_file) 

print ("tRNA cluster file: %s") %(tRNA_file) 

print ("Gene cluster file: %s") %(pangenome_file) 

 

# find directory 

dir=os.path.dirname(piggy_file) 

# Make output directory 

directory=str("%s/../Summary_files")%(dir) 

if not os.path.exists(directory): 

    os.makedirs(directory) 

# make outfile and set headings     

outfilename=str("%s/../Summary_files/All_IGRs_summary.csv")%(dir) 

myfile = open(outfilename, 'w+') 

print ("Making summary file: %s")%(outfilename) 

# add names 

names="IGR_Cluster,Isolate,IGR,Orientation_in_piggy_name,genebefore,geneaft

er,roarycluster_gene1,roarycluster_gene2,start_IGR,end_IGR,start_gene1,end_

gene1,start_gene2,end_gene2,IGR_orientation,Gene1_type,Gene2_type,Contig" 

myfile.write("%s\n"%(names)) 

fasta_file=str("%s/PIRATE_IGR/pan_sequences.fasta")%(results_folder) 

 

try: 

     os.path.exists(fasta_file) 

except:  

    sys.ext("- Error - no IGR pangenome sequence file found: %s" 

%fasta_file)  

 

# Start of loop - takes each individual IGR sequence and identifies gene 

neighbours   

print ("Assessing IGRs") 

with open(fasta_file) as origin_file: 

    for IGR in origin_file: 

        if ">" in IGR: 

            # Split IGR into differnt bits of info 

            IGR=IGR.strip('>') 

            IGR=IGR.strip('\n') 

            isolate,gene1,gene2,state=IGR.split('_o_o_') 

             

            # find IGR cluster 

            file = open(piggy_file, "r") 

             

            for line in file: 

                if IGR in line: 

                    cluster_line=line 

                    # extract IGR cluster name from piggy or PIRATE outputs 

                    if piggy_file.endswith('.csv'): 

                        igr_cluster=cluster_line.split(',')[0] 
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                        igr_cluster=igr_cluster.strip('\"') 

 

                    if piggy_file.endswith('.tsv'):   

                        igr_cluster=cluster_line.split('\t')[0] 

                        igr_cluster=igr_cluster.strip('\"') 

 

            # Find IGR cluster alignment file to find the IGR orientation 

relative to other sequences in the cluster             

            # If cluster has extra number on the end like "g00001_0001" 

find correct file which is "g00001" 

            gene_family_name,allele=igr_cluster.split("_") 

            

cluster_file=str("%s/feature_sequences/%s.nucleotide.fasta")%(dir,gene_fami

ly_name) 

 

            file = open(cluster_file, "r") 

 

            for line in file: 

                #print line 

                if IGR in line: 

                    line=line.replace(IGR,"") 

                    line=line.replace(">","") 

                    line=line.replace("\n","") 

            # If an IGR sequence name ends in _R_ it has been rotated in 

the alignment 

                    if line == "_R_": 

                        igr_orien="R" 

                    elif isBlank(line) == True: 

                        igr_orien="F" 

                    else : 

                        print ("ERROR: IGR sequence orientation not found") 

                        

             

            # Find the CDS gene families of neighbouring genes 

            file = open(pangenome_file, "r") 

             

            for line in file: 

                if gene1 in line: 

                    gene1_cluster_line=line 

                    if pangenome_file.endswith('.csv'):  

                        gene1_cluster=gene1_cluster_line.split(',')[0] 

                        gene1_cluster=gene1_cluster.strip('\"') 

                    if pangenome_file.endswith('.tsv'):  

                        gene1_cluster=gene1_cluster_line.split('\t')[1] 

                        gene1_cluster=gene1_cluster.strip('\"') 

                if gene2 in line: 

                    gene2_cluster_line=line 

                    if pangenome_file.endswith('.csv'):  

                        gene2_cluster=gene2_cluster_line.split(',')[0] 

                        gene2_cluster=gene2_cluster.strip('\"') 

                    if pangenome_file.endswith('.tsv'):  

                        gene2_cluster=gene2_cluster_line.split('\t')[1] 

                        gene2_cluster=gene2_cluster.strip('\"') 

 

            # Find the tRNA gene family of neighbouring genes 

            file = open(tRNA_file, "r") 

 

            for line in file: 

                 if gene1 in line: 

                    gene1_cluster_line=line 
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                    gene1_cluster=gene1_cluster_line.split('\t')[1] 

                    gene1_cluster=gene1_cluster.strip('\"') 

                 if gene2 in line: 

                    gene2_cluster_line=line 

                    gene2_cluster=gene2_cluster_line.split('\t')[1] 

                    gene2_cluster=gene2_cluster.strip('\"') 

  

            # Find the tRNA gene family of neighbouring genes 

            file = open(rRNA_file, "r") 

 

            for line in file: 

                if gene1 in line: 

                    gene1_cluster_line=line 

                    gene1_cluster=gene1_cluster_line.split('\t')[1] 

                    gene1_cluster=gene1_cluster.strip('\"') 

                if gene2 in line: 

                    gene2_cluster_line=line 

                    gene2_cluster=gene2_cluster_line.split('\t')[1] 

                    gene2_cluster=gene2_cluster.strip('\"') 

 

            # Find contig ends as neighbours - label NA 

            if isBlank(gene1) or gene1=="NA": 

                

gene1_cluster=gene1_start=gene1_stop=gene1_length=gene1_type=gene1_orien=ge

ne_contig="No_gene" 

 

            if isBlank(gene2) or gene2=="NA": 

                

gene2_cluster=gene2_start=gene2_stop=gene2_length=gene2_type=gene2_orien=ge

ne_contig="No_gene" 

 

            # Find the coordinates and gene lengths of all features 

            coord_file=str("%s/co-ords/%s.co-ords.tab")%(dir,isolate) 

            file = open(coord_file, "r") 

 

            for line in file: 

                if gene1=="NA": 

                   

gene1_cluster=gene1_start=gene1_stop=gene1_length=gene1_type=gene1_orien="N

o_gene" 

            elif gene1 in line: 

             if isBlank(line)=="True": 

                        print (gene1) 

                        print ("ERROR: gene in empty coordinate line??") 

                  coord_line_gene1=line 

                  gene1_start=coord_line_gene1.split('\t')[2]  

                  gene1_stop=coord_line_gene1.split('\t')[3]  

                  gene1_length=coord_line_gene1.split('\t')[4]  

                  gene1_type=coord_line_gene1.split('\t')[5]  

                  gene1_orien=coord_line_gene1.split('\t')[6]  

                  gene_contig=coord_line_gene1.split('\t')[7]  

                  if gene1_orien=="Reverse": 

                        start=gene1_stop 

                        stop=gene1_start 

                        gene1_start=start 

                        gene1_stop=stop 

         

            if gene2=="NA": 
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gene2_cluster=gene2_start=gene2_stop=gene2_length=gene2_type=gene2_orien="N

o_gene" 

            elif gene2 in line: 

                     

                  if isBlank(line)=="True": 

                        print (gene2) 

                        print ("gene in empty coordinate line??") 

                  coord_line_gene2=line 

                     

                  gene2_start=coord_line_gene2.split('\t')[2] #start 

                  gene2_stop=coord_line_gene2.split('\t')[3]  

                  gene2_length=coord_line_gene2.split('\t')[4]  

                  gene2_type=coord_line_gene2.split('\t')[5]  

                  gene2_orien=coord_line_gene2.split('\t')[6]  

                  if gene_contig=="No_gene": 

                        gene_contig=coord_line_gene2.split('\t')[7]  

                  if gene2_orien=="Reverse": 

                        start=gene2_stop 

                        stop=gene2_start 

                        gene2_start=start 

                        gene2_stop=stop 

 

            # find IGR coordinates based on neighbouring gene coordinates  

            coor2="NA" 

            coor1="NA" 

 

            if gene1=="NA" or gene2=="NA": 

                igr_start=gene1_stop 

                igr_stop=gene2_start     

         # find boundaries of IGR 

            elif int(gene1_start)<int(gene2_start): 

                coor1=max(int(gene1_start),int(gene1_stop)) 

                coor2=min(int(gene2_start),int(gene2_stop)) 

            elif int(gene1_start)>int(gene2_start): 

                coor2=min(int(gene1_start),int(gene1_stop)) 

                coor1=max(int(gene2_start),int(gene2_stop)) 

         # flip IGR coord if Reverse 

            if igr_orien=="F": 

                igr_start=coor1 

                igr_stop=coor2 

            elif igr_orien=="R": 

                igr_start=coor2 

                igr_stop=coor1 

   

            # print line to summary file 

            

string=str("%s,%s,%s,%s,%s,%s,%s,%s,%s,%s,%s,%s,%s,%s,%s,%s,%s,%s\n")%(igr_

cluster,isolate,IGR,state,gene1,gene2,gene1_cluster,gene2_cluster,igr_start

,igr_stop,gene1_start,gene1_stop,gene2_start,gene2_stop,igr_orien,gene1_typ

e,gene2_type,gene_contig) 

            myfile.write("%s"%(string)) 

                 

myfile.close() 

 

print("Finished in:") 

print (datetime.now() - startTime) 
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Supplementary script 3: reduceclusters.R 

 

#--------------------------- 

# Rscript reduceclusters.R 

# 

# Author Nicola Coyle 

# find all IGR cluster gene neighbour differences 

# plot number of IGRs with different numbers of gene neighbourhood 

differences 

# not automated 

# 

 

#--------------------------- 

# setup environment - set paths 

#--------------------------- 

 

# load libraries 

library(ggplot2) 

library(gggenes) 

library(dplyr) 

library(RColorBrewer) 

 

# set file paths  for piggy output and Summary file produced by 

Summary_file.py  

file<-"/path/to/Summary_files/gw-pan/All_IGRs_summary.csv" 

piggy_file="/path/to/Summary_files/gw-pan/piggy/IGR_presence_absence.csv" 

dir<-dirname(file) 

 

# read files 

datos<-read.csv(file,header = T,stringsAsFactors = F) 

piggy<-read.csv(file=piggy_file) 

 

# create directories of files and plot outputs  

path=paste(dir,"/reduced_coor_graphfiles/graphs",sep="") 

dir.create(path, showWarnings = FALSE, recursive = TRUE) 

path=paste(dir,"/reduced_coor_graphfiles/dataframes",sep="") 

dir.create(path, showWarnings = FALSE, recursive = TRUE) 

 

# calculate number of IGR clusters and number of duplicates 

allclus<-unique(datos$IGR_Cluster) 

piggy3<-piggy[which(piggy$Avg.sequences.per.isolate>1),] 

duplicates<-datos[which(datos$IGR_Cluster%in%piggy3$Gene),] 

clus<-unique(duplicates$IGR_Cluster) 

perc<-(length(clus)/length(allclus))*100 

print(paste(round(perc, digits=3),"% of IGR clusters are duplicated: 

",length(clus)," of ",length(allclus),sep="")) 

 

# remove data 

rm(piggy,piggy3) 

 

#--------------------------- 

# define functions 

#--------------------------- 

 

# Function to rotate triplets associated with the same IGR cluster so they 

are all processed in the same orientation 

# This is key. If not done, the same triplet flipped will be counted as two 

different triplets 

flipallRigr<-function(datos){ 
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  df<-datos 

  df[df$IGR_orientation == "R", 

c("genebefore","geneafter","roarycluster_gene1", 

                                  

"roarycluster_gene2","start_gene1","end_gene1", 

                                  

"start_gene2","end_gene2","Gene1_type","Gene2_type" )] <- 

df[df$IGR_orientation == "R", c("geneafter",  

                                                                                                                            

"genebefore","roarycluster_gene2","roarycluster_gene1","start_gene2","end_g

ene2", 

                                                                                                                            

"start_gene1","end_gene1","Gene2_type","Gene1_type")]  

  df[df$IGR_orientation == "R"&df$Orientation_in_piggy_name == 

"CO_R"&is.na(df$Orientation_in_piggy_name) == 

F,"Orientation_in_piggy_name"]<-"F" 

  df[df$IGR_orientation == "R"&df$Orientation_in_piggy_name == 

"CO_F"&is.na(df$Orientation_in_piggy_name) == 

F,"Orientation_in_piggy_name"]<-"R" 

  df[df$IGR_orientation == "R"&df$Orientation_in_piggy_name == 

"F"&is.na(df$Orientation_in_piggy_name) == F,"Orientation_in_piggy_name"]<-

"CO_F" 

  df[df$IGR_orientation == "R"&df$Orientation_in_piggy_name == 

"R"&is.na(df$Orientation_in_piggy_name) == F,"Orientation_in_piggy_name"]<-

"CO_R" 

  return(df) 

} 

 

# funtion to keep one representative of each genecluster/IGR culuster/gene 

cluster configuration 

# for every IGR cluster  

reducecluster <-function(cluster){ 

  examgene<-cluster 

  start<-data.frame(matrix(0,0,18)) 

  names(start)<-names(examgene) 

  start2<-data.frame(matrix(0,0,1)) 

  names(start2)<-"no.igr" 

  j=1 

  tm<-data.frame(matrix(0,0,0)) 

  while(dim(examgene)[1]>0){ 

    print(j) 

    if(dim(examgene)[1]!=0){ 

      tm<-examgene[ which( examgene$roarycluster_gene2 == 

examgene$roarycluster_gene2[1]&                           

examgene$roarycluster_gene1 == examgene$roarycluster_gene1[1]&                           

examgene$Orientation_in_piggy_name == examgene$Orientation_in_piggy_name[1] 

),] 

      start<-rbind(start,examgene[1,]) 

      start2[j,]<-dim(tm)[1] 

      examgene<-examgene[-which(examgene$IGR%in%tm$IGR),] 

    }else{ 

      print(j) 

    } 

    j=j+1 

  } 

  reduced<-cbind(start,start2) 

  return(reduced) 

} 

 

# function to convert triplets to format readable by gggenes 
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coordfunc<- function(examgene){ 

  igr<-examgene[,c(2,9,10,1)] 

  names(igr)<-c("molecule","start","end","gene") 

  gene1<-examgene[,c(2,11,12,7)] 

  names(gene1)<-c("molecule","start","end","gene") 

  gene2<-examgene[,c(2,13,14,8)] 

  names(gene2)<-c("molecule","start","end","gene") 

  testdata<-rbind(igr,gene1,gene2) 

  return(testdata) 

} 

 

 

#--------------------------- 

# run loop to reduce clusters 

# and produce plots 

#--------------------------- 

 

# Orient all IGR cluster triplets in the same direction 

datos<-flipallRigr(datos) 

 

# Setup loop 

# Loop through all IGR clusters and reduce to show minimum gene-IGR-gene 

configurations 

# write a coodinate file for each IGR and produce a gggenes figure 

reduceddatos<-data.frame(matrix(0,0,19)) 

names(reduceddatos)<-c(names(datos),"no.igr") 

error_IGRS<-c() 

for(i in 1:length(allclus)){ 

  examgene<-datos[which(datos$IGR_Cluster==allclus[i]),] 

  red<-reducecluster(examgene) 

  print(i) 

  if(dim(red)[1]==0){ 

    print("ERROR: IGR data empty") 

  } 

  reduceddatos<-rbind(reduceddatos,red) # new data frame 

  # write IGR cluster files and gggene plots  

  tmp<-coordfunc(red) 

  if(dim(red)[1]>=2){ 

    write.table( tmp , file = paste(dir, 

"/reduced_coor_graphfiles/dataframes/" , allclus[i] , ".tab" , sep=""), 

sep="/t", quote=F) 

     

    nb.cols <- length(unique(tmp$gene)) 

    mycolors <- colorRampPalette(brewer.pal(8, "Set3"))(nb.cols) 

    result <- tryCatch({ 

      png( file= paste(dir, "/reduced_coor_graphfiles/graphs/", allclus[i],    

"_graph.png", sep=""),width = 4, height = 4, units = 'in',res=300) 

      p <- ggplot2::ggplot(tmp, ggplot2::aes(xmin = start, xmax = end, y = 

molecule, fill = gene)) + 

        geom_gene_arrow() + 

        ggplot2::facet_wrap(~ molecule, scales = "free", ncol = 1) + 

        ggplot2::scale_fill_manual(values = mycolors) + 

        theme_genes() 

      print(p) 

      graphics.off() 

    }, error=function(e){ 

      cat("ERROR for ", allclus[i],":",conditionMessage(e), "\n") 

      return(allclus[i])}) 

  } 

  error_IGRS<-c(error_IGRS,unique(result)) 
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} 

paste(length(error_IGRS), “errors were found while running this loop. If 

only reduceddatos is needed comment out the file and plot code.”) 

# save 

write.csv(reduceddatos,file = 

paste(dir,"/reduced_clusters_IGRs_summary.csv",sep="")) 

# optionally read in reduce datos file: 

# reduceddatos<-

read.csv(file=paste(dir,"reduced_clusters_IGRs_summary.csv",sep="")) 

# calculate summaries and write 

summar <-reduceddatos %>% group_by(IGR_Cluster) %>% 

summarise(no_distinct_gene_pairs=n())  

summa <- summar %>% group_by(no_distinct_gene_pairs) %>% 

summarise("no_IGR_clusters"=n()) 

write.table(summar,file= paste(dir,"/number_of_cases_per_cluster.tab",sep = 

""),sep="\t") 

write.table(summa,file= 

paste(dir,"/number_of_clusters_with_x_cases.tab",sep = ""),sep="\t") 

# calculate percentage of IGRs with one gene pair associated with it  

lis<-summar[which(summar$m==1),1] # IGR triplets with one case 

paste(round((dim(lis)[1]/dim(reduceddatos)[1])*100,digits = 2), " % igr 

clusters have conserved neighbours in all genomes: ", dim(lis)[1]) 

paste(round((100-(dim(lis)[1]/dim(reduceddatos)[1])*100),digits = 2), "% 

igr clusters that have conserved neighbours in all genomes: ", 

(dim(reduceddatos)[1]-dim(lis)[1])) 

#--------------------------- 

# pdf of gene promiscuity 

#--------------------------- 

pdf(file = paste(dir,"/triplet_cases_in_clusters.pdf",sep=""),width = 

5,height=5) 

ylim <- c(1, 1.1*max(summa$no_IGR_clusters)) 

xx <- barplot(summa$no_IGR_clusters, xaxt = 'n', xlab = 'no. different 

neighbour pairs', width = 0.85, log="y", ylim=ylim, 

main = "V. anguillarum clade", # data set name 

ylab = "log(no. IGR clusters)") 

## Add text at top of bars 

text(x = xx, y = summa$no_IGR_clusters, label = summa$no_IGR_clusters, pos 

= 3, cex = 0.8, col = "red") 

## Add x-axis labels  

axis(1, at=xx, labels=summa$no_distinct_gene_pairs, tick=FALSE, las=2, 

line=-0.5, cex.axis=1) 

dev.off() 

# end 
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