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Summary 
Antimicrobial resistance (AMR) is a major public health issue. Recent studies indicate that 
antimicrobial resistance genes (ARGs) can be readily identified in both bacteriophages and bacteria 
found within the marine environment. Furthermore, experiments show that bacteria can obtain AMR 
when transduced with phage genetic material, suggesting that bacteriophages might be responsible 
for the transfer and spread of antimicrobial resistance in these systems.  

This project sought to determine the role of phages in mediating the transfer of ARGs within 
the marine environment, focusing on Vibrio spp. as model organisms due to their high abundance and 
impact caused on both public health and the seafood industry. First, a framework for the analysis of 
marine phages was established (Chapter 3). Genomic, phylogenetic, proteomic, host range and 
infection parameters of a range of novel marine coliphage isolates were determined and their ability 
to transduce ARGs was assessed. This suggested that host DNA encapsidation rate should be 
determined as a proxy for the transduction rate, due to the inability of stopping secondary phage 
infections during the transduction assay. The established framework was used for the analysis of 
marine Vibrio phages (Chapter 4). Experiments showed a high prevalence of Inoviridae prophages 
derived from the host in the obtained phage lysates, necessitating further studies to determine their 
exact composition. Nevertheless, the study resulted in the isolation and exhaustive characterisation 
of two novel Vibrio phages, including the second largest Vibrio phage isolated to date. Encapsidation 
of host DNA by the analysed phage was not observed, indicating this process may be below the 
experimental detection thresholds, which is not unexpected for generalised transducing phages. 
Bioinformatics analysis of all publicly available Vibrio genomes was performed to identify prophages 
encoding ARGs (Chapter 5) leading to the creation of the largest Vibrio prophage database to date. 
Analyses showed a high prevalence of the Inoviridae family of filamentous prophages in the Vibrio 
genomes and indicated that ~25% of the detected Vibrio prophages represent novel sequences not 
related to any known phages. Subsequent analysis of prophage-encoded ARGs indicated the presence 
of a range of ARGs, with genes encoding β-lactamases such as TEM-1, CTX-M and OXA being the most 
common. Selected ARGs were subsequently synthesised and their functionality was determined by 
heterologous expression in E. coli (Chapter 6). This not only showed that detected ARGs are often 
functional, but also led to the discovery of a novel cat ARG encoded on an intact Vibrio prophage 
conferring resistance to chloramphenicol. Finally, metagenomics and functional metagenomics 
analyses were performed to determine the prevalence of ARGs in marine phageomes (Chapter 7). This 
led to the reconstruction of a plethora of novel phage genomes, including a representative of 
megaphages, the largest known bacterial viruses. Surprisingly, genomics and functional genomics 
analyses failed to detect known or novel ARGs, respectively, suggesting that their distribution across 
the marine environment might not be uniform. 

This study represents a major step in our knowledge of lytic and temperate phages and their 
ability to encode functional ARGs and transfer them within the marine environment. Furthermore, it 
pinpoints the areas which require further investigation to fully understand the importance of 
generalized and specialized transduction in the dissemination of the ARGs in the environment. 
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1.1 Bacteriophages and their life cycles 

Bacteriophages (also known as phages) are viruses that infect bacteria (Leiman et al., 2003). They are 

the most numerous biological entities on the planet, with an estimated number of phages in the 

biosphere exceeding 1030 particles (Suttle, 2005). All phages consist of a genome encapsidated within 

a protein or proteolipid capsid, which together with host recognition proteins and nucleic acid delivery 

machinery enable them to adsorb to, and inject their genetic material into, susceptible cells, resulting 

in the production followed by the release of progeny phage particles (Leiman et al., 2003; Salmond 

and Fineran, 2015). 

 

1.1.1 Lytic phages 

Phages can be separated into two groups representing different lifestyles (Figure 1-1): obligately lytic 

(virulent) and temperate (Salmond and Fineran, 2015). Both begin their life cycles by attachment to 

the cell via the tail fibres that recognize and bind to cell surface receptors. This is followed by 

conformational changes within the phage tail structure that leads to the injection of phage genetic 

material into the host cytoplasm (Plisson et al., 2007; Orlova, 2012). Following the injection of nucleic 

acid, lytic phages will immediately redirect their host’s metabolism towards the production of progeny 

viral particles. The phage genome will undergo replication (Weigel and Seitz, 2006) with simultaneous 

synthesis of phage proteins, followed by the assembly of new phage particles. Finally, the host cell will 

undergo lysis due to the expression of phage derived holins and lysins, leading to the release of 

progeny phages (Young, 2013; Salmond and Fineran, 2015).  

 

1.1.2 Temperate phages 

In contrast to the virulent phages, temperate phages can choose between a lytic phage life cycle (as 

described above) and establishing a latent infection (Figure 1-1). Following the injection of the genetic 

material the phage forms a stable state with the host, replicating alongside it. This stable state may 

be via integration  within the bacterial chromosome, as demonstrated by phage λ (Casjens and 

Hendrix, 2015). Alternatively, it may remain in a plasmid-like state, as shown by phage N15 (Ravin, 

2011) and replicate alongside the host DNA. This state lasts until the prophage is triggered to enter a 

lytic cycle, often when the bacteria encounters a stressful environment (nutrient limitation, UV, 

antibiotics) (Muniesa et al., 2013; Casjens and Hendrix, 2015; Salmond and Fineran, 2015). However, 

not all temperate phage infections will result in cell lysis: filamentous phages, instead of being 

released on cell death, are “secreted” from the cell through the outer membrane, leaving the cell 

intact but slowing its growth (Rakonjac et al., 2011). 
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Figure 1-1 Phage life cycles. Following the infection of a susceptible cell and DNA injection phage can 
either enter the lysogenic cycle by establishing a prophage or lytic cycle by replicating, assembling 
virions, lysing the cell and releasing progeny phages. Prophage remaining in the lysogenic cycle can be 
induced to follow the lytic cycle, which subsequently leads to cell death. Reproduced from Salmond 
and Fineran (2015). 
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1.2 Phage diversity 

Historically, bacteriophage taxonomic classification was based on their morphology, observed using 

the electron microscopy, followed by a more complex classification system that included the type of 

nucleic acid, capsid morphology and the presence or absence of an envelope (Lwoff et al., 1962; 

Salmond and Fineran, 2015). Nowadays, taxonomic classification of phages relies on their genomic 

and biological properties and is curated by ICTV, the International Committee on Taxonomy of Viruses 

(Lefkowitz et al., 2018).  

 

1.2.1 Morphological diversity 

Morphologically, the most common are tailed phages belonging to the order Caudovirales, which can 

be sub-classified into: Siphoviridae with long non-contractile tails, Myoviridae phages that have long 

contractile tails and short-tailed Podoviridae (Ackermann, 2007). Remaining phage morphologies 

include: icosahedral phages without a tail, filamentous phages: ssDNA Inoviridae 

dsDNA Lipothrixviridae, and three families of pleomorphic phages: dsDNA Plasmaviridae covered by a 

lipoprotein envelope, dsDNA Fusseloviridae with a lemon-shaped capsid armed with short spikes at 

one end, and finally dsDNA Guttavirus phages – droplet-shaped virus-like particles (Orlova, 2012; 

Salmond and Fineran, 2015). The following figure shows the TEM-captured images of selected phages 

belonging to different morphological groups (Figure 1-2). 
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Figure 1-2 Examples of phages’ morphological diversity as visualised by TEM. The representative 
phages are: Inoviridae (A), Guttavirus (B), Lipothrixviridae (C), Myoviridae (D), Siphoviridae (E), 
Podoviridae (F). Scale bar equals 50 nm. Reproduced from Orlova (2012). 
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1.2.2 Genomic diversity 

Although the majority of characterised phage isolates are dsDNA phages belonging to the order 

Caudovirales (Fokine and Rossmann, 2014), the representatives of ssDNA, such as Inoviridae (Chibani 

et al., 2019a), and RNA (both single stranded and double stranded), for example the recently 

established realm Riboviria (Walker et al., 2019), are also accounted for. Phage genome sizes vary 

from just a few kb, such as ssRNA Leviviridae phage MS2 with a 3,569 base genome (Fiers et al., 1976) 

to so called “jumbo” bacteriophages, with genome sizes exceeding 200,000 bp (Yuan and Gao, 2017). 

The  largest sequenced genome is phage G that infects Bacillus megaterium at 497,513 bp in length 

(Hatfull and Hendrix, 2011). However, the aforementioned data only includes cultured phages. Recent 

analysis of human gut microbiomes from Lakzam Upazila, Bangladesh and Tanzania, and baboon gut 

microbiomes from Kenya using metagenomics approaches, followed by manually curated assembly 

led to the discovery of multiple “megaphages” (also referred to as Lak phages) which possess genomes 

>540 kb in size (Devoto et al., 2019). Furthermore, a follow-up study focused solely on the jumbo 

phages (Al-Shayeb et al., 2020) resulted in the manually curated completion of 34 jumbo phage 

genomes with the largest being >640 kb in length, implicating that there is still a large variety of phages 

yet to be isolated and cultured under laboratory conditions.  

The enormous phage genomic diversity can also be observed based on the classification of 

known phage genomes (Dion et al., 2020). The ICTV (Lefkowitz et al., 2018) distinguishes 12 phage 

families, with members of the order Caudovirales being the most represented and comprising ~78% 

of the phage genomes sequenced to date (Jan, 2020)(Table 1-1)(Millard, 2019). The most abundant 

phage families of the order Caudovirales are Siphoviridae (~60% of the species belonging to the order), 

followed by Myoviridae (~22%) and Podoviridae (~14). The remaining two families belonging to this 

order, Herelleviridae and Ackermannviridae, comprise only ~4% of the known Caudovirales genomic 

sequences (Table 1-1). Outside of Caudovirales, the most abundant family of phages is Microviridae 

with ~14% of total known genomic sequences. The remaining ~8% of known phage genomic 

sequences are shared between the Inoviridae, Tectiviridae, Leviviridae, Cystoviridaye, Corticoviridae, 

Plasmaviridae, and a group of yet to be classified phages (Dion et al., 2020). The aforementioned 

relative abundances are subject to change, with new phages being isolated from the natural 

environments. For example, recent studies of marine viruses led to the isolation and characterisation 

of non-tailed dsDNA phages, that belong to a new family of phages: Autolykiviridae (Kauffman et al., 

2018).  
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Table 1-1 Sequenced phage genomes to date (Jan, 2020). Data collated by Millard Lab (Millard 2019). 

Order 
Number of sequences 

(% of all sequenced phages) 
Family 

Number of sequences 
(% within the order) 

Caudovirales 11508 (78%) 

Siphoviridae 6905 (60%) 
Myoviridae 2537 (22%) 
Podoviridae 1638 (14%) 

Herelleviridae 324 (3%) 
Ackermannviridae 93 (1%) 

Microviridae 2143 (14%) 
 Remaining 1210 (8%) 

Sum 14861 (100%) 
 

The lack of a conserved marker gene common to all phages (Grose and Casjens, 2014; Dion et 

al., 2020) makes single-marker genes unsuitable for describing phage population diversity. Moreover, 

it is impossible to describe uncultured phage populations based only on culture-dependent methods. 

Those limits can be overcome by viral metagenomics approaches, which assess the total viral nucleic 

acids isolated from a selected environment (Breitbart et al., 2002, 2018). A range of methodologies 

and analytical pipelines were developed for the analysis of viral metagenomes (Dávila-Ramos et al., 

2019). Examples of these include: VIROME which is a bioinformatics pipeline for classification of viral 

metagenomic sequences based on homology search against known and environmental sequences 

(Wommack et al., 2012), EBI metagenomics which functions both as a database and metagenomics 

analysis pipeline (Hunter et al., 2014), Metavir 2 which is an annotation and comparison tool for the 

metagenomics contigs (Roux et al., 2014) and, finally, vConTACT which is a software for the 

networking-based classification of viral sequences (Bolduc et al., 2017). Moreover, viral metagenomic 

datasets are regularly made available for public use in comparative analyses. For example, a range of 

marine virome studies have been performed, with metagenomic data being collated in the datasets 

such as Pacific Ocean Virome, POV (Hurwitz and Sullivan, 2013); TARA Oceans project (Pesant et al., 

2015); or recently, Global Ocean Viromes 2.0, GOV 2.0, a global ocean DNA virome dataset of 195,728 

viral populations (Gregory et al., 2019). Analyses of metagenomic datasets can lead to the discovery 

of new, yet unknown viruses. For example, a machine learning approach using microbial genomes and 

metagenomic data sets resulted in the identification of over 10,000 novel Inovirus-like sequences, 

increasing the number of known Inoviridae sequences hundred-fold (Roux et al., 2019a). 
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1.3 Phage distribution and abundance 

Bacteriophages have been isolated from every ecological niche where bacteria thrive (Chibani-

Chennoufi et al., 2004; Clokie et al., 2011; Batinovic et al., 2019). Phages can be found both in artificial 

environments such as wastewater treatment plants (Ewert and Paynter, 1980; Yahya et al., 2015; Dias 

et al., 2018) as well as in natural environments: rivers (Colomer-Lluch et al., 2011b), lakes (Maina et 

al., 2014; Malki et al., 2015), seas and ocean depths (Paul et al., 2002; Paul and Sullivan, 2005; 

Breitbart et al., 2007; Kelly et al., 2013; Kauffman et al., 2018), through soil to living organisms: animal 

or human skin (Oh et al., 2014), respiratory (Willner et al., 2009) and gastrointestinal tracts (Breitbart 

et al., 2003; Minot et al., 2011). Phages are highly abundant in aquatic environments; their numbers 

range from 106 particles/mL in deep ocean waters to 109 particles/mL in shoreline surface sediments 

(Suttle, 2005), with an average of 10 phages per bacterial cell in the marine environment (Fuhrman 

and Noble, 1995). Similarly, soil contains on average ~109 phages/g (Swanson et al., 2009). This is true 

across a wide variety of soils including Antarctic (Williamson et al., 2007) and agricultural (Ashelford 

et al., 2003) and wetland soils (Williamson, 2011), with an exception of hot desert soils, where phage 

numbers are ~105 particles/g dry soil (Williamson, 2011) and desert sands where phage numbers fall 

below the limit of detection (Prigent et al., 2005). Finally, the human gastrointestinal tract is highly 

populated by phages, with up to 1010 particles/g being present in the gut (Sutton and Hill, 2019). 

Comparative metagenomics (Section 1.2.1) analyses show that phages often form distinct 

communities (Hayes et al., 2017; Parmar et al., 2018), and virome composition can be used to 

discriminate between aquatic habitats such as wastewater treatment plants, freshwater, marine or 

hot spring samples (Parmar et al., 2018). Moreover, analysis of the Pacific Ocean Virome (Hurwitz and 

Sullivan, 2013) dataset shows there is significant phage variability solely within these marine samples, 

depending on the season, depth and proximity to the land of the sampling site (Hayes et al., 2017). 

Similar results were obtained by metagenomic analysis of surface and deep sea samples obtained 

from Prydz Bay, Antarctica: although deep sea viromes had a similar composition, they were clearly 

separated from surface or freshwater habitats (Gong et al., 2018). Finally, a comparison of data 

obtained from extreme environments (Figure 1-3) confirmed that habitat influences phage 

distribution within the virome: for example, the differences between all the deep water sampling sites 

were smaller than between the deep water and arid locations, with the viral diversity at the family-

level reflecting the microbial diversity of each community (Dávila-Ramos et al., 2019). However, more 

detailed analyses including the prediction of phage bacterial hosts were severely limited by the lack 

of precise viral metadata, for example describing the phage-host interactions (Dávila-Ramos et al., 

2019). 
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 Figure 1-3 Distribution of most abundant viral families in metagenomic samples. Sampling sites included: sediments, deep water, oxygen minimum zones (OMZ), hyperarid, 
hypersaline, cold freshwater, hyperthermophile. Individual sample IDs contain abbreviated geographical locations: ATL (Atlantic), ARCT (Arctic), MED (Mediterranean), 
ITA (Italy), JAP (Japan), CAN (Canada), EUA (United States), CHL (Chile), ATA (Antarctica), NAM (Namibia), GRL (Greenland) and TBV (Mexico). Viral families: Caudovirales, 
Siphoviridae, Podoviridae, Myoviridae, Circoviridae, unclassified viruses, Phycodnaviridae, unclassified ssDNA viruses, Microviridae, unclassified dsDNA phages, Inoviridae, 
Reproduced from Dávila-Ramos et al. (2019). 
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1.4 Marine phages and their role in biogeochemical cycling 

The high abundance and diversity of phages in the marine environment, coupled with ~1023 viral 

infections occurring every second in the oceans, is a cause of major bacterial mortality that leads to 

the death of approximately 20% of oceanic biomass per day (Proctor and Fuhrman, 1990; Suttle, 

2007). As such, phages play a major role in the shaping of marine bacterial communities and as a result 

are a major driver behind the biogeochemical cycling of nutrients and energy (Suttle, 2007; Breitbart 

et al., 2018). By killing the bacteria, phages release dissolved carbon and nutrients which are 

subsequently remineralized and recycled by bacteria as a part of a microbial loop; this viral shunt 

keeps the carbon within the surface waters (Fuhrman, 1999; Wilhelm and Suttle, 1999). At the same 

time phages can create sticky lysate aggregates (Weinbauer, 2004; Laber et al., 2018) that sink to the 

ocean depths thus shuttling particulate organic matter and enhancing the effectiveness of biological 

pump: sequestration of carbon to the ocean depths and into the seafloor sediments (Ducklow et al., 

2001).  

 

1.5 Phage-encoded auxiliary metabolic genes (AMGs) 

In addition to playing a major role in shaping microbial communities by lysing bacteria, thus 

influencing biogeochemical cycling, phages can also affect marine bacterial populations by the 

expression of phage-encoded auxiliary metabolic genes (AMGs) (Breitbart et al., 2007). AMGs are 

bacterial “host genes”, suggested to be the remnants of horizontal gene transfer events, that are 

encoded by phage genomes (Breitbart et al., 2007). Although AMGs are usually expressed during 

phage infection to increase progeny phage production (Thompson et al., 2011; Howard-Varona et al., 

2018), latent infections caused by temperate phages encoding AMGs can lead to lysogenic conversion 

of the host bacteria (change in a phenotype via prophage-encoded genes) giving rise to new 

phenotypes (Warwick-Dugdale et al., 2019a). The list of possible AMGs encoded by marine phages 

includes, but is not limited to, genes responsible for cycling of nutrients (carbon, sulphur, nitrogen, 

phosphorus), fatty acid metabolism, photosynthesis, anti-oxidation, degradation of nucleotides, 

protein and DNA synthesis (Enav et al., 2014; Puxty et al., 2015; Crummett et al., 2016; Gao et al., 

2016; Warwick-Dugdale et al., 2019a). It was suggested that the role of AMGs is to sustain or 

supplement host cell metabolism during phage infection especially in nutrient-limited conditions (Lin 

et al., 2016; Breitbart et al., 2018). For example, cyanophages isolated from low phosphate regions 

had a higher abundance of AMGs responsible for phosphorus acquisition compared to phages 

obtained from phosphate rich areas (Kelly et al., 2013). Finally, bacterial fitness can also benefit from 
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the presence of antimicrobial resistance genes (ARGs) which provide a level of antimicrobial resistance 

to the bacterial host (Wendling et al., 2020). 

 

1.6 Antimicrobial resistance (AMR); antimicrobial resistance genes (ARGs) distribution 

Antimicrobial resistance (AMR) is a major issue for public health, with estimates that by 2050 it will 

cost ten million lives annually and 100 trillion USD to the world’s GDP (O’Neill, 2014). A United Nations 

declaration from 21st September 2016 describes it as “the greatest and most urgent global risk” 

(United Nations, 2016). It has been suggested that the spread of antimicrobial resistance genes (ARGs) 

is mainly a result of anthropogenic antimicrobial pollution (Davies and Davies, 2010; Dadgostar, 2019), 

caused by overuse of antibiotics in healthcare, industrial livestock production, aquaculture and 

agriculture (Witte, 2000; Sarmah et al., 2006; Huttner et al., 2013; Van Boeckel et al., 2015; Watts et 

al., 2017; Swift et al., 2019). However, antimicrobial resistance genes have also been found and 

isolated from the natural environment such as animals, soil, surface waters (Martínez, 2008; Williams 

et al., 2016) and even from more isolated ecosystems such as 4 million year old deep recesses of 

Lechuguilla Cave (Bhullar et al., 2012) and pristine waters from The Serra do Cipó National Park (Lima-

Bittencourt et al., 2007). Although these findings implicate that antibiotic resistance genes are 

common in the natural environment, their role is yet to be elucidated (Davies and Davies, 2010). It is 

understandable that ARGs can be found within the genomes of antibiotic producing bacteria such as 

Streptomyces (Benveniste and Davies, 1973) or the organisms that coexist with them in the same 

environment (Laskaris et al., 2010). However, this fails to explain the origin of some ARGs that 

counteract synthetic antibiotics, such as quinolones (Martínez, 2012). The quinolone resistance gene 

qnrA, which is widespread in human pathogens, originates from non-antibiotic producing Shewanella 

algae (Poirel et al., 2005) implicating that the original function of the gene was not that of 

antimicrobial resistance. Similarly, other ARGs that originate from the natural environment are 

suggested to have had different roles in environmental bacteria (Martínez, 2012). For example, beta-

lactamases might have been involved in the biosynthesis of the bacterial cell wall (Jacobs et al., 1994; 

Massova and Mobashery, 1998) whereas efflux pumps might have taken part in trafficking of signalling 

molecules (Martinez et al., 2009). This also indicates that natural environments might still contain 

new, yet undiscovered ARGs, as exemplified by the recent discovery of a novel garosamine-specific 

aminoglycoside resistance gene, gar (Böhm et al., 2020).  
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1.6.1 The marine environment – a reservoir for ARGs? 

It has been suggested that the marine environment could act as a reservoir for ARGs (Hatosy and 

Martiny, 2015). Water samples collected from harbours, coastal and deep ocean sampling sites 

underwent functional metagenomics analysis resulting in the detection of a large variety of ARGs, with 

only 28% of them representing well known genes such as bla TEM beta-lactamases or bcr biocyclomycin 

pumps (Hatosy and Martiny, 2015). The other identified ARGs were unclassified and shared varied 

levels of identity with known genes such as transport pumps, hydrolases and oxidoreductases and, as 

such, were novel. Furthermore, almost half of the ARGs were discovered in abundant marine taxa 

such as Pelagibacter, Prochlorococcus and Vibrio (Hatosy and Martiny, 2015). On the contrary, the 

analysis of the Global Ocean Sampling (GOS) metagenomic project dataset (Yooseph et al., 2007) in 

search of metallo-β-lactamases (MβLs) resulted in the discovery of MβLs homologues within the 

Atlantic, Indian, and Pacific Oceans water samples (Fonseca et al., 2018). However, as the relative 

abundances of clinically relevant MβLs such as VIM, SPM-1, and AIM-1, the authors suggested a 

relatively small impact of oceans as a reservoir of ARGs (Fonseca et al., 2018). 

The abundance, diversity and distribution of ARGs in the oceans has also been investigated by 

the analysis of metagenomes produced as part of the TARA Oceans project (Pesant et al., 2015). The 

analysis resulted in the detection of 560 ARG families, conferring resistance to 26 antibiotic classes 

with tetracycline resistance genes (such as tetB, and various tetA) being the most common, followed 

by qac multidrug efflux pumps (Cuadrat et al., 2019). The distribution of particular antibiotic resistance 

genes varied heavily, with bacitracin and quinolone resistance genes being the most common in 

coastal areas (Cuadrat et al., 2019). This has been confirmed by a separate study on China’s coastal 

environment. It was shown that the absolute numbers of detected ARGs in the coastal zone between 

the Yalu and Yangtze Rivers was 1-4 orders of magnitude higher than from samples obtained from the 

Bohai and Yellow Seas, with the quinolone resistance gene qnrA being the most common (Lu et al., 

2019). However, further analysis of TARA Ocean project metagenomes (Cuadrat et al., 2019) showed 

that, surprisingly, polymyxin E (also known as colistin) resistance genes have the highest relative RPKG 

(Reads Per Kilobase Genome) abundances in Antarctic zones. In depth analysis of the metagenomic 

reads showed the presence of polymyxin E resistance gene orthologues within Psychrobacter 

genomes (Cuadrat et al., 2019). As colistin resistant Psychrobacter spp. have been previously isolated 

from Antarctic water samples (Shivaji, 2005), it was implicated that they might be an ecological 

reservoir of colistin resistance (Cuadrat et al., 2019), which contrasts with the results of the Global 

Ocean Sampling dataset (Fonseca et al., 2018).  
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1.6.2 ARGs in environmental phages 

Antimicrobial resistance genes are prevalent in the environment and can be readily isolated from 

virtually any environmental niche, both natural and anthropogenically challenged. ARGs have been 

found within isolated bacteria or within bacterial metagenomic fractions obtained from wastewater 

treatment plants (Schwartz et al., 2003; Amador et al., 2015), soil (Haas and Keel, 2003; Peng et al., 

2018; Pérez-Valera et al., 2019), rivers (Ash et al., 2002; McConnell et al., 2018; Al Salah et al., 2019), 

coasts (Labella et al., 2013; Lu et al., 2019; Wang et al., 2019), marine depths (Baya et al., 1986; Toth 

et al., 2010) and even Antarctic waters (Shivaji, 2005; Cuadrat et al., 2019). However, plasmid and viral 

fractions can also act as ARG reservoirs (Parsley et al., 2010). Experiments showed that phage fractions 

isolated from both activated sludge and wastewater obtained from water treatment plants contained 

a range of AMR genes such as blaTEM, blaCTX-M, qnrA, qnrS and sul1 (Calero-Caceres et al., 2014; 

Colomer-Lluch et al., 2014) in addition to the range of novel ARGs providing resistance to 

chloramphenicol, ampicillin and kanamycin (Parsley et al., 2010). Similarly, blaTEM, blaCTX-M and mecA 

genes have been found within the phage fraction obtained from cattle, pig and poultry faecal waste 

(Colomer-Lluch et al., 2011a), confirming the prevalence of ARGs within viral fractions obtained from 

human and animal waste.  

Furthermore, analysis of urban sewage and river water samples demonstrated the detection 

of blaTEM, blaCTX-M9 (beta-lactamases) and mecA (methicillin resistance) genes within both bacterial and 

viral fractions (Colomer-Lluch et al., 2011b). The number of ARGs detected within the bacterial 

fraction was ten-fold higher than in the viral fraction and the absolute number of detected genes 

suggested that the viral fraction can act as an important reservoir of antimicrobial resistance genes 

(Colomer-Lluch et al., 2011b). Finally, authors demonstrated that the transfection of phage DNA from 

sewage samples into an ampicillin-sensitive E. coli host resulted in bacteria acquiring ampicillin 

resistance, further confirming that environmental phages are a relevant reservoir of ARGs. In a 

separate study, bacterial and phage fractions isolated from wastewater treatment plant and hospital 

water samples underwent qPCR assays to quantify selected ARGs (Marti et al., 2014). Although the 

relative numbers of detected blaCTX-M, blaSHV, blaTEM, qnrA, qnrB and qnrS were lower in phage fractions 

when compared to bacterial fractions, their absolute numbers suggested they were a relevant 

reservoir of antimicrobial resistance genes (Marti et al., 2014). Moreover, it has also been 

demonstrated that the virome can be enriched in ARGs as a result of antibiotic pressure on the 

accompanying bacterome (Modi et al., 2013). Analysis of faecal samples obtained from mice, whose 

diet was supplemented with physiologically relevant doses of ciprofloxacin and ampicillin, showed 

that prolonged exposure to antibiotics increased the number of phage-encoded ARGs. The viromes of 
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ciprofloxacin-treated mice showed increased numbers of norM, mexD, mexF genes, whereas 

ampicillin treatment resulted in the increase in vanRS genes (Modi et al., 2013).  

However, a re-analysis of the aforementioned murine gut virome samples (Modi et al., 2013) 

was undertaken with contradictory results (Enault et al., 2017). By using more conservative cut-offs 

for ARG detection and determining the level of bacterial DNA contamination within the viral 

metagenomic samples it was concluded that ARG abundance was vastly overestimated in the murine 

gut virome. Moreover, the assembly of metagenomic reads was suggested as a method of confirming 

the presence of ARGs on the viral contigs (Enault et al., 2017). Finally, the authors implied that the 

main route of phage-assisted dissemination of ARGs is generalized transduction, semi-random 

packaging of host DNA within the phage capsids (Enault et al., 2017). A follow up study (Debroas and 

Siguret, 2019) confirmed the overestimation of ARG numbers within the murine gut viral fraction 

(Modi et al., 2013) reported by Enault et al. (2017). However, analysis of multiple metagenomic 

datasets, for example generated as part of the TARA Oceans project using a networking approach, 

showed that phages were linked to putative pathogens such as Vibrios and Enterobacteriaceae and 

played a major role in the dissemination of ARGs (Pesant et al., 2015). Moreover, the abundance of 

ARGs within the phages was higher in anthropogenically challenged environments (Debroas and 

Siguret, 2019).   

 

1.7 Types of antimicrobial resistance based on mechanism of action 

Antimicrobial resistance genes and their products are part of larger biochemical pathways that lead 

to the antimicrobial resistance of bacteria. Bacterial resistance to a single class of antimicrobials can 

be achieved by multiple biochemical pathways which often belong to different categories (Munita and 

Arias, 2016). For example, fluoroquinolone resistance can be obtained by modification of the target 

site in DNA gyrase and topoisomerase IV via mutations in the genes encoding these proteins (Hooper 

and Jacoby, 2015), extrusion of the drug from the cell by overexpression of efflux pumps (Hooper and 

Jacoby, 2015) and finally, protection of a target site by an additional protein, Qnr (Rodríguez-Martínez 

et al., 2011). All three of these pathways can co-exist within a bacterial cell, increasing its resistance 

to fluoroquinolones accordingly (Hooper and Jacoby, 2015; Munita and Arias, 2016).  

 Depending on the biochemical pathway involved, antimicrobial resistance mechanisms can be 

classified into four categories (Figure 1-4): modification of the antimicrobial molecule, antibiotic 

efflux, modification of the target site and resistance due to global cell adaptive processes (Munita and 

Arias, 2016; Aslam et al., 2018). Modification of antibiotics can be either via alteration (such as 

acetylation, phosphorylation or adenylation) of the antimicrobial molecule resulting in the reduced 

affinity of a drug towards its intended target, as exemplified by chloramphenicol acetyltransferase 
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gene cat (Schwarz et al., 2004), or by the destruction of the antibiotic molecule: for example by the 

destruction of an amide bond in the β-lactam ring by β-lactamases encoded by ARGs such as blaTEM or 

blaKPC (Bush, 2013). Similar to the modification of antimicrobial molecules, antibiotic efflux can also be 

divided into sub-categories depending on whether the resistance is obtained via the efflux of the 

antimicrobial molecule from the cell, for example removal of intracellular tetracycline by Tet efflux 

pumps (McMurry et al., 1980), or by reduced permeability of the membrane as exemplified by the 

lower expression of OprD porins in Pseudomonas aeruginosa caused by mutations in the oprD gene, 

resulting in an increased resistance to imipenem (Hancock and Brinkman, 2002). Modifications of the 

target site can be achieved by introducing proteins that act as antibiotic analogues and compete with 

them for the binding site, thus protecting them from antimicrobials. This is exemplified by the 

products of qnr and tetM, fluoroquinolone and tetracycline ARGs, respectively (Rodríguez-Martínez 

et al., 2011; Donhofer et al., 2012). Another target protection mechanism involves introducing 

changes to the antibiotic target site. It can be accomplished by point mutations in the gene encoding 

the target protein, such as point mutations in rpoB leading to decreased affinity of rifampin to the β-

subunit of RNA polymerase (Campbell et al., 2001). Alternatively, the target site can undergo 

enzymatic modification, as exemplified by methylation of the ribosome catalysed by erythromycin 

ribosomal methylation (erm) resulting in macrolide resistance (Weisblum, 1995). Finally, the antibiotic 

target can be replaced by a different, lower-affinity protein of similar function, such as the 

replacement of PBP by PBP2a (a product of the mecA gene) in methicillin resistant Staphylococcus 

aureus, MRSA (Chambers, 1997). 
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Antimicrobial resistance can be acquired either by aforementioned mutations, often within 

the target genes or by horizontal gene transfer (Thomas and Nielsen, 2005; Munita and Arias, 2016; 

Aslam et al., 2018). The following chapter (Section 1.8) will discuss horizontal gene transfer in detail. 

 

1.8 Horizontal gene transfer (HGT)  

Horizontal gene transfer (HGT) is a term used to describe the transfer of genetic material between 

organisms that are not in a parent-offspring relationship (Soucy et al., 2015). Prokaryotic HGT can be 

the result of different mechanisms: transformation, conjugation or transduction (Daubin and Szöllősi, 

2016). Transformation is a mechanism of uptake of free environmental DNA into the cell; although 

mainly used as a source of nutrients for bacteria, extracellular DNA can also contain new genes that 

can enrich the bacterial genotype via homologous recombination, integration or addition of plasmid-

encoded genes (Thomas and Nielsen, 2005; Mell and Redfield, 2014). Prokaryotic conjugation is a 

transfer of DNA, in which pili are used to transfer mobile genetic elements (MGEs), such as plasmids 

or transposons, between two bacterial cells (Thomas and Nielsen, 2005). Conjugation is implied to be 

Figure 1-4 Selected mechanisms of antibiotic resistance. Both plasmid and chromosomally-encoded 

ARGs can provide resistance to antibiotics via: antibiotic efflux (1), modification of antibiotic molecules 

(2), breakdown of antibiotic molecules (3) and modification of antibiotic target site (4). Triangles 

represent antibiotic molecules. Reproduced from Aslam et al. (2018). 
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the main source of ARG transfer in the clinical environment (Munita and Arias, 2016; Lerminiaux and 

Cameron, 2019). Finally, transduction is the transfer of genetic material between cells via phages 

(Thomas and Nielsen, 2005; Chiang et al., 2019). Recently, new HGT mechanisms have been 

suggested, such as a transfer of DNA via outer membrane vesicles (Hasegawa et al., 2015). Exchange 

of intracellular molecules including non-conjugative plasmids via “nanotubes” that could be formed 

in an interspecies manner between non-related species such as Bacillus subtilis and Escherichia coli 

was also reported (Dubey and Ben-Yehuda, 2011). Finally, virus-like gene transfer agents, GTAs, enable 

the bacteria to encapsidate up to 15kb of their chromosomal DNA into phage-like capsids and transfer 

them to other cells (García-Aljaro et al., 2017). However, GTAs rarely mobilize their own genes and 

preferentially package other fragments of host DNA (Hynes et al., 2012; García-Aljaro et al., 2017), 

which separates them from bacteriophages (Section 1.9). Unfortunately, studies on these new HGT 

mechanisms are limited. 

 

1.9 Phage transduction 

Phage transduction is dependent on the formation of transducing particles (viral particles containing 

host DNA) during the lytic phage life cycle (see Section 1.1.1). In an early stage of the lytic cycle the 

phage genome will undergo episomal circularization followed by rolling circle replication to produce 

concatemers of the phage genome (Susskind and Botstein, 1978). Subsequently, phage DNA will be 

packed into the capsid by the terminase enzyme, which recognizes and cleaves DNA at pac or cos sites 

followed by packaging of the nucleic acids into the capsid (Rao and Feiss, 2015). The amount of DNA 

packed depends on the terminase: pac-type terminases will cleave the DNA strand only when the 

capsid is full, resulting in “headful” packaging (Casjens and Hayden, 1988), whereas cos-terminases 

will cleave the DNA strand only at cos sites, resulting in exactly the same length of DNA being packed 

into each capsid (Feiss and Siegele, 1979). Mature phages and transducible particles are then released 

and can transfer their DNA into susceptible bacterial cells. Phage transduction can be divided into: 

generalized, specialized, lateral (Figure 1-5) and auto-transduction, depending on the way the host 

DNA is being transduced (Haaber et al., 2016; Chiang et al., 2019). 
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1.9.1 Generalized transduction 

During generalized transduction, as exemplified by Salmonella phage P22, pac-terminase will 

mistakenly recognize pseudo-pac sites (Schmieger, 1982) on the bacterial chromosome or plasmid 

and package it into the capsid instead of phage DNA (Thierauf et al., 2009). As such, transducible 

particles created during generalized transduction will contain only host DNA. Although pseudo-cos 

sites do exist, their distribution and distance between them on bacterial chromosomes make it highly 

unlikely for cos-phages to undergo generalized transduction (Chiang et al., 2019). Generalised 

transduction frequency, defined as the number of transductants divided by the total number of 

infected cells, ranges from ~10-5 for T4GT7 phage mutant (Wilson et al., 1979) down to <10-11 for 

Escherichia phage rV5 (Waddell et al., 2009),  

 

1.9.2 Specialized transduction 

The second type of transduction, specialized transduction, is based on the aberrant excision of a 

prophage from the chromosome, as exemplified by Escherichia phage λ (Morse et al., 1956) and 

Salmonella phage P22 (Kwoh and Kemper, 1978). As a result, the circularized phage genome 

Figure 1-5 Mechanisms of transduction. Shown are the differences between generalized, specialized 

and lateral transduction. Colours denote: phage genome (red), bacterial genome (blue), pac sites 

(black triangle), pseudo-pac sites (gray triangle). Reproduced from Chiang et al. (2019). 
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containing a part of the bacterial chromosome close to the prophage attachment site (Morse et al., 

1956; Kwoh and Kemper, 1978) undergoes amplification as a concatemer during rolling circle 

replication, followed by packaging into the phage capsid. This type of transduction can be performed 

by both cos and pac temperate phages. However, it is not commonly observed due to aberrant 

prophage excision being a rare event (Chiang et al., 2019). Specialised transduction frequency has 

been reported to be as high as 10-2 transductands/PFU for Salmonella phage P22 (Kwoh and Kemper, 

1978).  

 

1.9.3 Lateral transduction 

The third transduction type is lateral transduction, as exemplified by Staphylococcus aureus temperate 

phages (Chen et al., 2018). Contrary to generalized and specialized transduction, lateral transduction 

is not dependent on erroneous packaging or excision. Prophages undergo theta replication before 

excision, followed by in situ packaging of multiple headfuls starting from phage pac site. As a result, 

only a part of the phage genome is packaged, followed by hundreds kb of bacterial chromosome. To 

prevent all the prophages from being cleaved in two at pac sites, some of them will undergo excision, 

circularization and will follow typical phage maturation. As such, lateral transduction produces over 

three orders of magnitude higher numbers of transducible particles than generalized or specialized 

transduction and enables the movement of large spans of the bacterial chromosome into recipient 

cells (Chen et al., 2018; Chiang et al., 2019). 

 

1.9.4 Autotransduction 

A fourth, less common, mechanism is auto-transduction, as exemplified by phage Φ11 (Haaber et al., 

2016). In auto-transduction one sub-population of bacteria harbouring a prophage can release phage 

particles which will infect susceptible hosts and follow the lytic phage cycle. Although the target cells 

will lyse, their DNA may become encapsulated within progeny phage particles; those progeny phages 

can subsequently re-infect the lysogenic sub-population of bacteria and transfer AMR genes back to 

them (Figure 1-6).  
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1.9.5 Transduction and ARGs 

Transduction alongside lysogenic conversion (Section 1.5) might be one of the major drivers behind 

the dissemination of ARGs in the environment. Due to the composition and structure of the protein 

coat, phages can persist in the environment for a prolonged time, often long after their bacterial host 

has died (Muniesa et al., 1999a). Moreover, DNA packaged inside the phage capsid is more resistant 

to heat, chemical denaturation and nucleases than free nucleic acids. As such, not only can phages act 

as a reservoir of ARGs (Section 1.6.2), but they are also able to move genetic material between vastly 

different biospheres, limited only by their mobility between these biospheres (Muniesa et al., 1999a; 

Sano et al., 2004; Zhu, 2006).  

The rate at which phages can transfer genetic material has been previously examined for a 

selected few phages, such as Escherichia phage λ (Morse et al., 1956), Salmonella phage P22 (Kwoh 

and Kemper, 1978; Schmieger, 1982), Escherichia phage P1 (Lennox, 1955; Sternberg and Coulby, 

1990) or Escherichia phage T1 (Drexler, 1970; Roberts and Drexler, 1981). Moreover, experiments with 

Escherichia phage T4GT7 (alc- mutant of Escherichia phage T4) showed that the phage exhibited >104-

Figure 1-6 Schematic depiction of auto-transduction. A) a sub-population of lysogenic 

bacteria releases phages which infect a susceptible host B) target cells undergo lysis and their 

DNA becomes encapsulated within progeny phage particles C) progeny phages re-infect the 

prophage-containing sub-population of bacteria and transfer AMR genes back to them. 

Reproduced from Haaber et al. (2016). 
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fold higher transduction rates when compared with the wild type T4 phage and 10-fold higher than in 

Escherichia phage P1 (Wilson et al., 1979). Furthermore, studies on Actinobacillus 

actinomycetemcomitans bacteriophages Aaφ23 and AaφST1 showed that they could transduce ARGs 

at similar rates to Escherichia phage P1 (Willi et al., 1997), suggesting that phages can efficiently 

transduce ARGs. This was confirmed in more recent experiments on phages isolated from chicken 

meat, with almost a quarter of the obtained phages being able to transduce ARGs responsible for the 

resistance to kanamycin, ampicillin, chloramphenicol and tetracycline (Shousha et al., 2015). In a 

separate experiment, phage fractions isolated from meat products (chicken, beef, pork, minced meat, 

ham and mortadella) were also confirmed to have contained ARGs (Gómez-Gómez et al., 2019). 

Phages were subsequently propagated on Escherichia coli resulting in an increase in the number of 

detected ARGs, implicating that the detected ARGs were present within the infective phage particles 

(Gómez-Gómez et al., 2019). These two experiments show that in anthropogenically challenged 

environments such as chicken farms and meat processing plants phages can potentially disseminate 

ARGs between bacteria.  

However, studies on transduction in the marine environment are sparse. Transduction 

experiments (Jiang and Paul, 1998) using phages on both bacterial isolates and concentrated natural 

bacterial communities resulted in the detection of transductants in both tested samples. Transduction 

frequencies were estimated at ~10-8 transductants/PFU (Jiang and Paul, 1998), which is much lower 

than ~10-3 transductants/PFU reported for freshwater environments (Kenzaka et al., 2010). However, 

even the estimated ~10-8 transductants/PFU translates into up to 1.3x1014 transduction events per 

year within the sampled Tampa Bay Estuary, suggesting the importance of transduction in the 

dissemination of genes in the marine environment (Jiang and Paul, 1998). Additionally, as the 

transduction frequency depends on the availability of the host, broad host range phages such as 

KVP40 vibriophage (Matsuzaki et al., 1992) which can infect bacteria belonging to different species 

may play a major role in the dissemination of ARGs within the marine environment. 

 

1.10 Vibrios: characteristics and ecology 

Vibrios next to Pelagibacter, Prochlorococcus and Synechococcus are one of most ubiquitous and 

abundant taxa found in the marine environment (Wang et al., 2011; Hatosy and Martiny, 2015). 

Vibrios belong to the Gammaproteobacteria, are gram negative, usually motile rods. They are 

mesophilic and chemoorganotrophic, with a facultative fermentative metabolism (Thompson et al., 

2004). Vibrios can be isolated from most aquatic habitats such as estuaries, coastal waters, sediments 

and aquacultures where they can be found in the water column, attached to plankton or within tissues 

and organs of aquatic organisms, for example fish, shellfish or corals (Ortigosa et al., 1989; Gomez-Gil 
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et al., 1998; Barbieri et al., 1999; Denner et al., 2002; Heidelberg et al., 2002; Rosenberg and Ben-

Haim, 2002; Thompson et al., 2004; Kokashvili et al., 2015). Although the marine and estuarine Vibrios 

undergo seasonal fluctuations, resulting in their increased abundance during the warm summer 

months (Heidelberg et al., 2002; Comeau et al., 2005; Mookerjee et al., 2015), some Vibrios can 

survive refrigeration and freezing temperatures. Prolonged storage of seafood at refrigeration 

temperatures can select for psychrotropic Vibrio spp., which will subsequently survive freezing and 

storage in sub-zero temperatures with Vibrio parahaemolyticus, V. alginolyticus, V. fluvialis, V. 

mimicus and even non-O1 V. cholerae being previously recovered from frozen seafood (Wong et al., 

1995). Moreover, Vibrios can rapidly “bloom”, increasing their abundance in marine habitats as a 

response to the influx of iron, for example from the deposition of Fe-rich Saharan dust in the sea and 

ocean waters (Westrich et al., 2016). 

 

1.10.1 Vibrio cholerae 

Vibrios comprise over 70 different species, some of which are clinically relevant human pathogens 

(Kokashvili et al., 2015). The most well-known, Vibrio cholerae, of serotypes O1 and O139 is 

responsible for cholera disease pandemics, whereas the remaining serotypes have been implicated as 

responsible for severe gastroenteritis, wound infections and septicaemia in humans (Pruzzo et al., 

2005). Historically, there were seven recorded cholera pandemics: in 1817, 1829, 1852, 1863, 1881, 

1889 and the last one in 1961, which still persists (Clemens et al., 2017). There is an estimated 1.4 to 

4.3 million cholera cases that result in 21,000 to 143,000 deaths per year, with 60% of the cases 

reported in Africa (Ali et al., 2015). 

V. cholerae infection usually starts with ingestion of contaminated water or food, quickly 

leading to the colonization of intestine epithelium by the bacterium. This is followed by production of 

cholera enterotoxin – the causative agent of cholera disease responsible for an excessive secretion of 

fluids and electrolytes (Spangler, 1992). The enterotoxin genes are carried by CTX bacteriophage, 

which can be found integrated within the chromosome of all epidemic and pandemic V. cholerae 

strains (Clemens et al., 2017). Other important virulence factors of V. cholerae include: toxin-

coregulated pilus (TCP) which is an essential colonization factor, Vac-like toxin, accessory cholera 

enterotoxin (Ace), zonula occludens toxin (ZOT), secreted RTX toxin, and the HA protease (Thompson 

et al., 2004; Pruzzo et al., 2005; Kokashvili et al., 2015). Some of the aforementioned virulence factors, 

such as ZOT and Ace can be also found encoded on CTX phage alongside the genes encoding the 

cholera enterotoxin (Pruzzo et al., 2005).  
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1.10.2 Remaining clinically relevant Vibrios 

The second most important human pathogenic Vibrio is V. parahaemolyticus, responsible for 

gastrointestinal tract infections caused by the consumption of contaminated seafood, considered the 

major cause of foodborne infections in Asia and Japan (Lee et al., 2001). The main virulence factor of 

clinical isolates of V. parahaemolyticus is thermostable direct haemolysin, TDH (Sakurai et al., 1973). 

Instead of TDH, some V. parahaemolyticus strains can produce a different haemolysin: TDH-related 

haemolysin, TRH (Honda et al., 1988).  

Finally, V. vulnificus, the “flesh eating bacteria”, is responsible for wound infections and 

septicaemia, with high fatality rates reaching 50% in healthy adults, and as high as 90% in 

immunocompromised humans (Heng et al., 2017). V. vulnificus is a leading cause of seafood 

consumption related deaths in the United States (Shapiro et al., 1998). The primary route of 

septicaemia causing infection is through ingestion of raw or undercooked shellfish, especially oysters 

(Shapiro et al., 1998). Potential virulence factors of V. vulnificus include: extracellular 

cytolysin/haemolysin, elastolytic protease, endotoxic lipopolysaccharide, siderophores and the 

presence of a polysaccharide capsule (Linkous and Oliver, 1999). 

Remaining clinically relevant Vibrios include: V. metschnikovii (gastroenteritis, wound 

infections, septicaemia), V. fluvialis (gastroenteritis), V. furnissii (gastroenteritis), V. alginolyticus (ear 

infections, respiratory tract infections, bacteremia) and V. cincinnatiensis (septicaemia, meningitis, 

diarrhoea). Furthermore, V. parahaemolyticus, V. harveyi and V. alginolyticus are known aquaculture 

pathogens responsible for the high mortality of fish and shellfish (Gomez-Gil et al., 1998; Thompson 

et al., 2004; Pruzzo et al., 2005; Kokashvili et al., 2015). 

 

1.11 Vibriophages 

Although the majority of research done on marine phages has focused on cyanophages, there is still 

a substantial amount of data available on the most common phages and prophages infecting Vibrios. 

The focus of Vibrio phage research is essentially divided between the role of temperate phages in 

increasing the virulence of their hosts (Oakey and Owens, 2000; Weynberg et al., 2016; Castillo et al., 

2017; Clemens et al., 2017) and the feasibility of Vibrio lytic phages as antibacterial agents to be used 

in phage therapy (Jun et al., 2014a, 2014b; Yen et al., 2017), and as the biocontrol agents for Vibrio 

infections in the aquaculture (Vinod et al., 2006; Letchumanan et al., 2016; Le et al., 2020). 
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1.11.1 Vibrio phage CTXϕ 

The most well known vibriophage is CTXϕ responsible for toxigenic conversion of V. cholerae and 

subsequently, cholera disease (Clemens et al., 2017). CTXϕ is a filamentous, circular ssDNA phage 

belonging to the family Inoviridae, roughly 7.0 kb in length. The genome is organised into two 

modules, a 2.4 kb repeat sequence 2 region (RS2) and a 4.6 kb core region (Pant et al., 2019). RS2 

contains genes responsible for regulation (rstR), replication (rstA) and integration (rstB) as well as the 

origin (ori) of rolling circle replication. RS2 also includes the attP site required for integration into dif 

gene on the bacterial chromosome, which is mediated by bacterial XerC and XerD tyrosine 

recombinases (Waldor et al., 1997; Huber and Waldor, 2002). The core part of the CTXϕ genome 

contains seven structural genes required for phage morphogenesis and assembly (Waldor and 

Mekalanos, 1996). Additionally, the core includes the toxin gene ace, encoding the accessory cholera 

toxin, which is a virion structural protein (Chatterjee et al., 2011). In a similar manner zot, encoding 

the zonula occludens toxin, is necessary for phage morphogenesis and also takes part in increasing 

the permeability of the small intestine by affecting the structure of intercellular tight junctions (Di 

Pierro et al., 2001). Finally, the core contains the genes ctxA and ctxB which encode cholera toxin 

subunits A and B (Waldor and Mekalanos, 1996).  

The infection of V. cholerae by CTXϕ phage begins with the recognition of the bacterial type 

IV cell surface receptor – toxin co-regulated pilus (TCP), encoded on the Vibrio pathogenicity island 

(VPI), followed by infection with the help of TolQRA proteins (Figure 1-7). Cytoplasmic ssDNA CTXϕ 

can either lysogenize and irreversibly integrate within the bacterial chromosome at the dif site using 

V. cholerae XerC and XerD tyrosine recombinases or convert to a double stranded genome and 

undergo rolling circle replication that leads to production of progeny phage particles and their 

secretion from V. cholerae cells, without killing the host (Pant et al., 2019). Chromosomally integrated 

CTXϕ can also replicate without prior excision from the chromosome, although only if it is present in 

tandem or if it is flanked by the satellite prophage RS1 (Davis and Waldor, 2000). Finally, the lysogenic 

conversion of V. cholerae by ctxAB encoding CTXϕ can lead to the toxigenic conversion of bacteria. 

Changes in the environment such as a shift in temperature, pH and/or the presence of bile induce the 

bacterial ToxR-ToxT cascade (Childers and Klose, 2007; Weber and Klose, 2011). This in turn leads to 

the expression of V. cholerae colonization (Selvaraj et al., 2015) and virulence factors including TCP 

and cholera enterotoxin (Childers and Klose, 2007; Weber and Klose, 2011).  
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CTXϕ prophages have been found in all pandemic and epidemic V. cholerae (Clemens et al., 

2017). Moreover, CTXϕ are often accompanied by RS1 satellite prophage, which itself is similar to the 

RS2 module of CTXϕ, although it carries an additional rstC gene, which produces an anti-repressor for 

the CTXϕ rstR product (Davis et al., 2000; Pant et al., 2019). In addition to RS1 satellite prophages, 

CTXϕ is often associated with another satellite phage called toxin-linked cryptic, ϕTLC (Hassan et al., 

2010). TLCϕ contains a dif site, and as a result of its integration into the V. cholerae chromosome 

creates dif sites, which are subsequently recognised by the CTXϕ and utilised as attP sites. This way 

dif(-) V.cholerae strains can become dif(+) and can undergo toxigenic conversion by CTXϕ (Hassan et 

al., 2010). 

 

Figure 1-7 Schematic representation of the CTXϕ life cycle. 1. Infection via toxin co-regulated pilus 

(TCP). 2. Conversion of ssDNA CTXϕ into dsDNA form or chromosomal integration via attP site. 3. 

Rolling circle replication of dsDNA CTXϕ and production of phage coat proteins. 4. Amplified ssDNA 

CTXϕ can either undergo packaging or chromosomal integration via attP. 5 Packaging of phage 

genomes. 6. Secretion of CTXϕ from the cell. 7. Integration using host XerC XerD tyrosine 

recombinases. 8. Irreversible integration of CTXϕ into the dif site on the bacterial chromosome. 9. 

Induction of CTXϕ production from tandemly integrated CTXϕ prophages. Reproduced from Pant 

et al. (2019). 
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1.11.2 Vibrio temperate phages 

Another example of a temperate Vibrio phage that might be responsible for toxigenic conversion of 

its host is VHML, Vibrio Harveyi Myovirus-Like phage. It has been isolated from V. harveyi strain ACMM 

642 which is known to produce a potent exotoxin that is lethal to penaeid larvae (Oakey and Owens, 

2000). Genomic analysis of VHML resulted in the discovery of a gene encoding a putative N6-DNA 

adenine methyltransferase (Oakey et al., 2002). Further analysis of this gene and its putative product 

showed striking similarity with other ADP-ribosylating toxins (ADPRT), such as cholera toxin, 

Clostridium botulinum C2 toxin and Clostridium perfringens iota toxin which are known to produce 

neurotoxic effects (Barth et al., 1998).  

Finally, prophage-encoded toxins have been implied to be responsible for toxigenic 

conversion of V. coralliilyticus and V. anguillarum strains (Weynberg et al., 2016; Castillo et al., 2017). 

In both cases prophage elements encoded toxins that were homologous to ones present on the V. 

cholerae CTXϕ phage, suggesting similarities in the acquisition of virulence factors by the 

aforementioned Vibrios (Castillo et al., 2018). 

 

1.11.3 Virulent vibriophages: applications in phage therapy 

Lytic Vibrio phage research focuses mostly on their use as antibacterial agents for the control of 

pathogenic Vibrios. Incidentally, the very first reported use of phages against Vibrios was by Felix 

d’Herelle, to combat human pathogenic V. cholerae; The study showed that the application of phages 

decreased patients’ mortality rate tenfold (D’Herelle, 1929). However, a separate experiment 

performed by Asheshov failed to obtain the same results, with the therapy being successful only on a 

few selected cholera strains (Asheshov et al., 1931). This and similar experiments, showed the need 

for proper animal models to study phage therapy in vivo (Plaza et al., 2018). More recently, a cocktail 

of three virulent phages: ICP1, ICP2 and ICP3 was tested as a potential prophylaxis agent (Yen et al., 

2017). Oral administration of this phage cocktail to mice and rabbits 24h before challenging the 

animals with toxigenic V. cholerae prevented intestinal colonization and diarrhoea, confirming that 

phages can be used against V. cholerae either as therapeutics or prophylactics (Yen et al., 2017).   

Another example of therapeutic use of lytic Vibrio phages is the use of phage pVp-1 to control 

the human pathogenic multiple antibiotic resistant V. parahaemolyticus O3:K6 pandemic strain. It was 

shown using a murine model that administration of a lethal dose of V. parahaemolyticus followed by 

phage pVp-1 one hour after the bacterial challenge, led to mouse survival and protection against the 

V. parahaemolyticus strain (Jun et al., 2014b). Similarly, phage pVp-1 was used in an artificial 
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contamination model representing oyster processing against V. parahaemolyticus O3:K6, with phage 

application resulting in a significant reduction of the bacterial load (Jun et al., 2014a). 

Phages were tested as potential therapeutic agents for use in the aquaculture industry, for 

example to control Vibrio splendidus infections in juvenile sea cucumbers, Apostichopus japonicus (Li 

et al., 2016). Three phages: vB_VspS_VS-ABTNL-1, vB_VspS_VS-ABTNL-2 and vB_VspS_VS-ABTNL-3 

were used either separately or as a cocktail of all three phages, as a dietary supplement of sea 

cucumbers. After 60 days, sea cucumbers were challenged with V. splendidus VS-ABTNL, followed by 

ten days observation, in which the phage treated sea cucumbers showed up to 82% survival, 

compared to 18% survival for the untreated control. This suggested that the aforementioned phages 

might be used to control Vibrio infections within the sea cucumber industry (Li et al., 2016). In a similar 

manner, broad host range jumbo vibriophage KVP40 (Matsuzaki et al., 1992) was used as a potential 

Vibrio anguillarum infection control agent in Atlantic cod, Gadus morhua, and turbot, Scophthalmus 

maximus, larvae (Rørbo et al., 2018). Phage KVP40 showed the reduction in larval mortality in both 

fish species against all four tested V. anguillarum strains, further confirming the viability of phage 

therapy in the aquaculture industry (Rørbo et al., 2018). Finally, another jumbo phage, BONAISHI 

(Jacquemot et al., 2018), was shown to be a potential biocontrol agent against Vibrio coralliilyticus, a 

coral pathogen. An addition of BONAISHI phage to  V. coralliilyticus challenged cultures of 

Symbiodinium sp. cells reduced the bacterial impact on its photosynthetic activity (Jacquemot et al., 

2018). 

 

1.11.4 Autolykiviridae: non-tailed dsDNA phages 

Although the dsDNA phages belonging to the order Caudovirales are the most common 

phages being isolated and thus studied (Krupovic et al., 2011), this does not reflect the diversity of 

phages in the marine environment (Krishnamurthy and Wang, 2017). Studies show that non-tailed 

phages dominate the seas and oceans (Brum et al., 2013). However, they are difficult to obtain via 

standard phage isolation protocols. Recently, a range of non-tailed dsDNA phages with genome 

lengths <10 kb were isolated (Kauffman et al., 2018), followed by genome sequencing and 

phylogenetic analysis showing that they belonged to a completely new family of phages, subsequently 

named Autolykiviridae. Closer inspection confirmed that due to their non-standard biochemical 

properties they are usually lost during the isolation procedures. Vulnerability to chloroform, lower 

buoyant densities probably due to the presence of the lipid bilayer within the phage capsid and the 

presence of proteins covalently bound to the phage DNA (Kauffman et al., 2018) require modified 

protocols for phage isolation and nucleic acids extraction. Finally, their host range is much broader 

than that of the tailed phages. Experiment showed that they infected, on average, 34 Vibrio species, 
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whereas tailed phages infected only two hosts of one species (Kauffman et al., 2018). Ecologically, 

Autolykiviridae can be found both in the marine water column and in sediments (Kauffman et al., 

2018), as evidenced by analysis of metagenomic datasets obtained from both sources. Finally, 

Autolykiviridae have been also found as prophages, integrated within the chromosomes of V. 

kanaloae and V. cyclitrophicus (Kauffman et al., 2018). 

 

 

1.12 Project overview 

Recent studies indicate that antimicrobial resistance genes can be readily isolated from both viruses 

and bacteria found in ocean waters. Moreover, experiments have shown that bacteria can obtain 

antimicrobial resistance when transduced with phage genetic material, suggesting that phages might 

be responsible for the spread of antimicrobial resistance within the marine environment. 

Furthermore, the acquisition of virulence factors by marine bacteria via lysogenic conversion by 

temperate phages (such as cholera toxin-encoding Vibrio cholerae CTXϕ phage) is well documented. 

However, the broader implications of prophage latency, including the potential to increase bacterial 

antimicrobial resistance, are still unknown.  

 

1.12.1 Aims and objectives 

The aim of this PhD project was to determine the role of phages in mediating the transfer of ARGs in 

marine ecosystems using Vibrio spp. as model organisms, due to their high abundance and impact on 

public health and the seafood industry. Therefore, the objectives were: 

 

1. To set up a framework for analysis of marine phages using marine coliphages in the first 

instance, and to determine their diversity and transduction efficiency  

2. To subsequently determine the diversity and efficiency of transduction of marine Vibrio 

phages  

3. To determine the prevalence and diversity of Vibrio prophages and ARGs encoded by them  

4. To perform functional analysis of prophage-encoded ARGs  

5. To determine the prevalence and functionality of ARGs within the viral fraction of marine 

water samples  
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2.1 Materials 

 

2.1.1 Strains 

Table 2-1. List of bacterial strains used in the project 

Strain Genotype Purpose/comments Reference 

Escherichia coli MG1655 F-, λ–, rph-1 
E. coli phage isolation 

and propagation 
(Jensen, 1993) 

E. coli DH5α 

F- endA1 glnV44 
thi-1 recA1 relA1 

gyrA96 deoR nupG 

Φ80dlacZΔM15 

Δ(lacZYA-

argF)U169, 

hsdR17(rK
-, mK

+), 

λ– 

General cloning and 

plasmid propagation 
(Taylor et al., 1993) 

E. coli α-Select Chemically 

Competent Cells 

(DH5α derivative) 

F- deoR endA1 
recA1 relA1 gyrA96 

hsdR17(rK
-, mK

+) 

supE44 thi-1 phoA 

Δ(lacZYA 

argF)U169 

Φ80lacZΔM15λ- 

Transformation with 

Gibson assembly 

reaction mix 

(efficiency: 109 cfu/µg 

pUC19 DNA) 

(BioLine, 2019) 

E. coli NEB® 5-alpha 

Electrocompetent (DH5α 

derivative) 

fhuA2 Δ(argF-

lacZ)U169 phoA 

glnV44 Φ80Δ 

(lacZ)M15 gyrA96 

recA1 relA1 endA1 

thi-1 hsdR17 

Functional 

metagenomics library 

construction 

(efficiency: >1010 

cfu/µg pUC19 DNA) 

(New England 

BioLabs, 2019) 

Vibrionales bacterium 

SWAT-3 
WT 

Phage isolation and 

host range 
(Baudoux, 2017) 

Vibrio natriegens (NCIMB 

857) 
WT 

Phage isolation and 

host range 
(NCIMB, 2019) 

V. aestuarianus L6 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V. aestuarianus L7 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V. aestuarianus L8 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V. aestuarianus L9 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V. alginolyticus (NCIMB 

1187) 
WT 

Phage isolation and 

host range 
(NCIMB, 2019) 
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V. alginolyticus FR WT 
Phage isolation and 

host range 
(Baudoux, 2017) 

V. alginolyticus L2 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V. chagasii L21 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V. coralliilyticus TAV24 WT 
Phage isolation and 

host range 
(Vezzulli et al., 2010) 

V. coralliilyticus YB-1 WT 
Phage isolation and 

host range 
(Baudoux, 2017) 

V. harveyi L4 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V. harveyi L5 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V. lentus L18 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V. lentus L23 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V. lentus L24 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V. owensii L20 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V.parahaemolyticus 

(NCIMB 1902) 
WT 

Phage isolation and 

host range 
(NCIMB, 2019) 

V. parahaemolyticus L1 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V. parahaemolyticus L2 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V. parahaemolyticus L3 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V. parahaemolyticus L4 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V. parahaemolyticus L5 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V. parahaemolyticus L6 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V. parahaemolyticus L7 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V. parahaemolyticus L8 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V. parahaemolyticus L9 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V. parahaemolyticus L10 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 
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V. parahaemolyticus L11 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V. parahaemolyticus L12 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V. parahaemolyticus L13 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V. parahaemolyticus L14 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V. splendidus (NCIMB 1) WT 
Phage isolation and 

host range 
(NCIMB, 2019) 

V. splendidus L14 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V. splendidus L15 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V. splendidus L16 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V. splendidus L17 WT 
Phage isolation and 

host range 
(Vezzulli, 2017) 

V. toranzoniae/ 

V. kanaloae L19 
WT 

Phage isolation and 

host range 
(Vezzulli, 2017) 

V. vulnificus (NCIMB 2046) WT 
Phage isolation and 

host range 
(NCIMB, 2019) 

 

 

2.1.2 Phages 

Table 2-2. List of phages used in the project 

Phage Host (isolated on) Purpose/comments Reference 
ViGO V. alginolyticus FR Phage host range (Baudoux, 2017) 

BONAISHI V. coralliilyticus YB-1 Phage host range (Jacquemot et al., 2018) 

SiO2 Vibrionales bacterium SWAT-3 Phage host range (Baudoux, 2017) 

VA1 Paracoccus Phage host range (Rihtman, 2018) 

CRO-S-1 Paracoccus Phage host range (Rihtman, 2018) 

RS2 Paracoccus Phage host range (Rihtman, 2018) 

RSI-3 Paracoccus Phage host range (Rihtman, 2018) 

VP1 Ruegeria pomeroyi DSS-3 Phage host range (Rihtman, 2018) 

PM1 R. pomeroyi DSS-3 Phage host range (Rihtman, 2018) 

MAL R. pomeroyi DSS-3 Phage host range (Rihtman, 2018) 

phi2 R. pomeroyi DSS-3 Phage host range (Zhao et al., 2009) 

phi8 R. pomeroyi DSS-3 Phage host range (Zhan et al., 2016) 

phi110 R. pomeroyi DSS-3 Phage host range (Zhan, 2017) 

phi13 R. pomeroyi DSS-3 Phage host range (Zhan, 2017) 
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2.1.3 Buffers and growth media 

Table 2-3. List of buffers and growth media used in the project 

Buffer/medium/agar Constituents / Producer Comments 

SM buffer 
50 mM Tris-HCl, pH 7.5, containing 100 mM 

NaCl, 10 mM MgSO4 
Phage storage 

PBS 
(per 1 L H2O) 8 g NaCl, 0.2g KCl. 1.44 g Na2HPO4, 

0.24 g KH2PO4 

Column wash/phage 

storage 

SOC (New England 

Biolabs) 

2% (w/v) peptone, 0.5% (w/v) yeast extract, 10 

mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM 

MgSO4, 20 mM glucose 

Outgrowth medium for 

electroporation 

PEG-6000:NaCl (per 1 L H2O) 200 g PEG-6000, 146.1 g NaCl 
Phage precipitation and 

concentration 

LB broth 
(per 1 L H2O) 10 g tryptone, 5 g yeast extract, 10 

g NaCl 
E. coli growth 

LB (+CaCl2) LB broth (+1 mM CaCl2) Coli phage propagation 

LBA LB broth (+1% (w/v) agar) E. coli growth 

Soft LBA LB broth (+0.5% (w/v) agar) coliphage propagation 

Marine broth, MB 

(Difco 2216) 

(per 1 L H2O) 5 g peptone, 1 g yeast extract, 0.1 

g ferric citrate, 19.45 g sodium chloride, 5.9 g 

magnesium chloride, 3.24 g magnesium sulfate, 

1.8 g calcium chloride, 0.55 g potassium 

chloride, 0.16 g sodium bicarbonate, 0.08 g 

potassium bromide, strontium 

Vibrio growth, Vibrio 

phage propagation 

Marine agar, MA Marine broth (+1% agar) Vibrio growth 

Soft MA Marine broth (+0.5% agar) 
Vibrio phage 

propagation 

TCBS agar 

(Thermo-Scientific) 

(per 1 L H2O) 5 g yeast extract, 10 g 

bacteriological peptone, 10 g sodium 

thiosulphate, 10 g sodium citrate, 8 g ox bile, 20 

g sucrose, 10 g sodium chloride, 1 g ferric 

citrate, 

0.04 g bromothymol blue, 0.04 g thymol blue, 

14 g agar (pH 8.6 ± 0.2 at 25°C) 

 

Selective for 

Vibrionaceae 

HiCrome Vibrio Agar 

(Sigma-Aldrich) 

(per 1 L H2O) 10 g peptone, 25 g NaCl, 5 g 

sodium thiosulphate, 6 g sodium citrate, 1 g 

sodium cholate, 5.5 g chromogenic mixture, 15 

g agar; final pH 8.5 

Chromogenic 

differentiation 

between Vibrio species 
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2.1.4 Plasmids 

Table 2-4. List of plasmids used in the project 

Plasmid Purpose/comments Reference 
pBBR1MCS2 Functional genomics and metagenomics expression vector; 

contains kanamycin resistance casette 

(Kovach et al., 1995) 

 

 

2.2 Bacterial methods 

 

2.2.1 Bacterial growth conditions 

E. coli were cultured from a single colony in LB broth medium (see Table 2-3) at 37°C (250 rpm), Vibrio 

strains were cultured in MB (Section 2.1.3) at 28°C (250 rpm). Overnight incubation (minimum 14 

hours) of all cultures resulted in bacteria reaching stationary phase. Where exponential growth phase 

bacteria were necessary for an experiment, overnight cultures were diluted 1:100 into their respective 

growth media and grown until they reached OD600 of ~0.3-0.4 measured using a Novaspec Pro 

Spectrophotometer (Biochrom). 

E. coli strains were plated on LBA plates at 37°C overnight, whereas Vibrio strains were grown 

on MA (Section 2.1.3) plates at 28°C overnight. 

 

2.2.2 Bacterial storage 

Short term storage of bacterial cultures was done on LBA or MA (Section 2.1.3) plates at 4°C. 

For long term storage cells were preserved as glycerol stocks. Cells to be frozen were grown overnight 

in their respective growth conditions (Section 2.2.1). A 0.5 mL aliquot of overnight cell culture was 

mixed with 0.5 mL of 40% (v/v) glycerol (final glycerol concentration of 20% (v/v) ) and were 

transferred to -80°C for freezing and storage.  

 

2.2.3 Transformation (heat shock) 

Prior to transformation, tubes containing α-Select Chemically Competent Cells (BioLine, Section 2.1.1) 

were removed from the -80°C freezer and thawed on wet ice, DNA samples were chilled on ice for 15 

minutes and LBA plates containing 25 µg/mL kanamycin were warmed up to 37°C in the incubator. 

Subsequently, 5 µL of DNA was gently mixed with 50 µL of competent cells and incubated on ice for 

30 min. Heat shock was performed by moving tubes to heating block set at 42°C for 45 seconds and 
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then placing the tubes on ice for 2 minutes. Cultures were then diluted to 1 mL by the addition of 950 

µL of LB medium and incubated at 37°C (250 rpm) for 60 min. Finally, 200 µL of transformation mixture 

was spread plated on LBA plate (25 µg/mL kanamycin) and incubated overnight at 37°C. 

 

2.2.4 Transformation (electroporation) 

Prior to transformation, tubes containing NEB® 5-alpha Electrocompetent cells (New England BioLabs, 

Section 2.1.1) were removed from the -80°C freezer and thawed on wet ice, 2 mm electroporation 

cuvettes (Thermo Fisher Scientific) and DNA samples were chilled on ice for 15 minutes while LBA 

plates containing 25 µg/mL kanamycin and SOC recovery medium were warmed up to 37°C in the 

incubator. Subsequently, 50 µL of competent cells were gently mixed with 2.5 µL of DNA sample and 

transferred to an electroporation cuvette. Cells were electroporated with the following settings: 2.5 

kV, 200W, 25 µF using GenePulser Xcell (Bio-Rad) and immediately mixed with 950µL of SOC recovery 

medium (Section 2.1.3), transferred to a 15 µL Falcon tube and incubated at 37°C for 1 hour with 

shaking (250 rpm). 800 µL of the culture was spread plated over four LBA (25 µg/mL kanamycin) plates 

and incubated overnight at 37°C. The remaining 200µL of transformed cells were diluted to 5 mL using 

LB medium, supplemented with kanamycin (final concentration 25 µg/mL) and incubated overnight 

at 37°C (250 rpm), and were used for the preparation of library glycerol stocks (Section 2.2.2). 

 

 

2.3 Phage methods 

 

2.3.1 Phage storage 

Crude phage lysates were stored in post-culture medium (LB or MB) at 4°C. SM buffer (Section 2.1.3) 

was used for the medium-term storage of resuspended plaques and concentrated lysates at 4°C. 

For long term storage, phage glycerol stocks were prepared. High titre phage lysates in SM 

buffer were mixed 1:1 with 100% (v/v) sterile glycerol for the final glycerol concentration of 50% (v/v) 

and were transferred to -80°C for further storage, with 101-102 expected drop of pfu/mL (Bonilla et 

al., 2016). 

 

 

 



 55 

2.3.2 Phage lysate preparation 

Individual phage preparations were used to infect log growth phase culture (Section 2.2.1) of its 

respective host bacterium at a multiplicity of infection (MOI) of 0.1 and incubated at 28°C 

(vibriophages) or 37°C (coliphages) until the culture cleared and bacterial debris was visible at the 

bottom of the tube or flask, or overnight. Subsequently, cells and cellular debris were pelleted by 

centrifugation at 8,000x g for 10 minutes and supernatant containing phages was filtered through a 

0.22 µm pore size filter. 

 

2.3.3 Plaque assay / Phage titration 

Where necessary, phage stocks were diluted using a 10-fold serial dilution in SM buffer (Section 2.1.3). 

In a 5 mL bijoux bottle, 100 μL of bacterial culture in mid-exponential growth phase (Section 2.2.1) 

was mixed with 10 μL of phage lysate and incubated for 5 min at room temperature. Subsequently, 3 

mL of soft LBA (coliphages) or soft MA (vibriophages) at 48°C was added to the bijoux bottle, quickly 

mixed and poured into the well of a Falcon 6-well plate, and left to solidify. Plates were incubated 

overnight at 37°C (coliphages) or 28°C (vibriophages) and inspected the following day for the presence 

of phage plaques. If phage titre was to be determined the plaque assay was performed in triplicate, 

plaques were counted and the phage titre of the lysate (pfu/mL) was calculated. 

 

2.3.4 Phage host range (spot test assay) 

Host range was determined by performing a spot test assay. 1 mL of bacterial strain to be tested for 

phage susceptibility was mixed with 20 mL soft LBA or soft MA (melted and cooled to 48 °C), poured 

onto pre-prepared square petri dish containing LBA or MA, left to set and incubated at 28°C (Vibrios) 

or 37°C (E. coli) for 2 hours. Subsequently, phage stocks underwent serial dilution (10-3 to 10-6) and 2.5 

µl of each concentration was spotted onto the plate containing bacterial culture and incubated 

overnight at 28°C or 37°C. Plates were checked for the presence of single plaques the following day. 

 

2.3.5 One-step experiment 

A phage one-step growth curve was performed as previously described (Hyman and Abedon, 2009), 

including an additional step that ensured the removal of unadsorbed phages. Briefly, exponential 

growth phase bacteria were infected by analysed phage at MOI of 0.1, followed by pelleting of infected 

culture via centrifugation at 10,000x g for 1 min, removal of supernatant containing free phages and 

resuspension of the cells in fresh medium. Subsequently, infected culture was sampled and phages 
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tittered (Section 2.3.3) on pre-set intervals (Hyman and Abedon, 2009). Resultant log(pfu/mL) over 

time curve was used to determine phage growth parameters: burst size, eclipse and latent period. 

 

2.3.6 Phage PEG precipitation  

Concentration of large volume lysates (over 300 mL) was performed using phage PEG precipitation, as 

follows. Phage lysates (Section 2.3.2) were supplemented with 20% (v/v) PEG-6000:NaCl (Section 

2.1.3) and incubated overnight at 4°C. Subsequently, samples were centrifuged at 13,000x g for 30 

minutes and supernatants carefully removed, paying attention not to disturb phage pellets. Phages 

were resuspended in small volume of SM buffer by pipetting and vortexing, transferred to 1.5 mL 

Eppendorf tube and stored at 4°C. If higher phage titres were necessary, samples were further 

concentrated as described below. 

 

2.3.7 Phage concentration using filtration columns 

High titre lysates (>1010 pfu/mL) were obtained by concentrating phage lysates (Section 2.3.2) or 

precipitated samples (Section 2.3.6) using 100,000 MWCO Amicon Ultra Centrifugal Filters (Merck 

Millipore) following the manufacturer’s instructions for Centrifugal Concentration Devices. Samples 

were loaded into the concentrator unit, centrifuged at 4,000x g for 5-10 min followed by discarding of 

the filtrate. Those steps were repeated until whole sample underwent the aforementioned process. 

Retentate containing concentrated phages was resuspended in SM buffer and dislodged from the filter 

by vortexing, transferred to 1.5 mL Eppendorf tube and stored at 4°C. 

 

2.3.8 Phage CsCl purification 

CsCl gradients were prepared in 14 mL Beckman Coulter centrifugation tubes (Thermo Fisher 

Scientific) using 2 mL, 3 mL and 3 mL of CsCl in SM buffer (Section 2.1.3) at densities of 1.45, 1.5 and 

1.7g/mL, respectively. A phage sample (Section 2.3.6; Section 2.3.7) was layered on top of the gradient 

and the tube filled to the top with SM buffer, prior to centrifugation at 155,000x g with the SW-40-Ti 

(Beckman Coulter) rotor at 4°C for 2 hours using an Optima XPN-80K ultracentrifuge (Beckman 

Coulter). Visible phage bands were separately extracted and further concentrated using 0.5 mL 10,000 

MWCO Amicon Ultra Centrifugal Filters (Merck Millipore), with multiple SM buffer washing steps to 

remove CsCl from the sample. Purified concentrated phage lysate was stored at 4°C. 
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2.3.9 Phage proteomics 

Proteomics and preliminary proteomics data analysis was carried out by R. Wright and J.A. Christie-

Oleza, School of Life Sciences, University of Warwick, as follows. Prior to determining phage protein 

composition, high titre phage lysate was obtained (Section 2.3.7) and purified by CsCl gradient 

centrifugation (Section 2.3.8). 30 µl phage concentrate was mixed with 10 µl 4x LDS loading buffer 

(Invitrogen), incubated at 95°C for 5min and loaded on precast Tris-Bis NuPAGE gel (Invitrogen) with 

1x MOPS (Invitrogen) as a running buffer (Kaur et al., 2018). Short (5 min) SDS-PAGE was performed 

to further purify the peptides by removing contaminants. Gel bands containing phage proteins were 

excised, followed by in-gel reduction with dithiothreitol, alkylation with iodoacetamide, trypsin 

(Roche) proteolysis and tryptic peptide extraction. Samples were analysed via nanoLC-ESI-MS/MS 

using an Ultimate 2000 LC system (Dionex-LC Packings) coupled to an Orbitrap Fusion mass 

spectrometer (Thermo-Scientific), with 60 min LC separation on a 25 cm column; settings as described 

previously (Christie-Oleza et al., 2015, Kaur et al. 2018). 

MS/MS spectra were analysed via MaxQuant v. 1.5.5.1 (Cox and Mann, 2008) for shotgun 

proteomics using default parameters, searching the database generated from the translation of phage 

genomes, as follows. Six reading frame translation with coding domain sequence (CDS) cut-off length 

of 30 amino acids was used to search for tryptic peptides. The protein N-terminus was detected by 

using a secondary database comprised of predicted CDS and searching it using the N-terminus semi-

tryptic digest setting. Remaining analysis was done using Perseus v.1.6.0.7 (Tyanova et al., 2016). 

 

2.3.10 Transmission electron microscopy (TEM) 

Phage samples were imaged using a TEM at the Electron Microscopy Facility, University of Leicester, 

as follows. 10µl high titre (>1010 pfu/mL) phage lysate (Section 2.3.7 or Section 2.3.8) was transferred 

to a glow discharged formvar copper grid (200 mesh), incubated for 2 min, wicked off, washed with 

10 µl water and dried. Sample was stained with 10 µl 2% (w/v) uranyl acetate followed by 30s 

incubation and subsequent removal of excess stain. The grid was air dried and imaged using a JEOL 

JEM-1400 TEM with an accelerating voltage of 100kV. Images were captured using Megaview III digital 

camera using iTEM software. ImageJ software was used to measure phage particles dimensions; phage 

size was determined as the average of at least 10 individual phage particle measurements.  
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2.4 Molecular methods 

 

2.4.1 Bacterial chromosomal DNA extraction 

Bacterial chromosomal DNA extraction for Illumina sequencing was performed using a NucleoSpin 

Tissue (Macherey-Nagel) kit according to the manufacturer’s specifications by following the support 

protocol for bacteria.  Bacterial chromosomal DNA extraction for MinION long read sequencing was 

performed using a NucleoSpin Tissue (Macherey-Nagel) kit combined with phenol-chloroform DNA 

purification, as follows: 10 mL overnight cell culture was pelleted via centrifugation at 8000x g for 10 

min. The pellet was resuspended in 180 µL lysis Buffer T1 (NucleoSpin Tissue) and 25 µL Proteinase K  

(20 mg/mL) and incubated at 56°C for 3 hours, followed by the addition of 200 µL lysis Buffer B3 

(NucleoSpin Tissue) and further incubation at 70°C for 10 minutes. The lysed bacterial sample was 

mixed with 500 µL 25:24:1 mix of phenol:chloroform:isoamyl alcohol (Sigma) and subjected to 

centrifugation at 13,000x g for 10 min. The top aqueous layer was transferred to a new tube using a 

wide-ended pipette tip, again mixed with 500 µL phenol:chloroform:isoamyl alcohol and centrifuged 

at 13,000 x g for 10 min for the second round of purification. This above process was repeated a further 

1-3 times until the interphase between layers was clear of protein debris. Then, the aqueous phase 

was moved to a fresh tube, and supplemented with 1/10 volume 3 M sodium acetate. The tube was 

filled to the top with ice cold 100% (v/v) ethanol and incubated on ice for 30 min. Precipitated DNA 

was pelleted by centrifugation at 13,000 g for 10 min at 4°C, the supernatant carefully removed and 

the 1.5 mL Eppendorf tube filled with ice cold 70% ethanol and incubated on ice for another 30 min. 

Subsequently, the sample was subjected to centrifugation at 13,000x g for 10 min at 4°C, the 

supernatant was carefully removed and the resultant DNA pellet air dried to remove all traces of 

ethanol. Finally, the DNA pellet was resuspended in MilliQ water and stored at -20°C. 

 

2.4.2 Phage DNA extraction 

Coliphage DNA was extracted via phenol:chloroform following a previously established method 

(Rihtman et al., 2016). Vibriophage DNA extraction was performed exactly as described for bacterial 

chromosomal DNA extraction for MinION sequencing (Section 2.4.1), with culture lysis steps being 

replaced by the addition of phenol:chloroform:isoamyl alcohol directly to the high titre/concentrated 

phage lysate (Section 2.3.6, Section 2.3.7). 
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2.4.3 Plasmid DNA extraction 

Plasmid DNA extraction from overnight bacterial cultures (Section 2.2.1) was performed using a 

Plasmid Miniprep Kit (Qiagen) according to the manufacturer’s specifications.  

 

2.4.4 DNA clean-up / concentration 

DNA samples were cleaned up after enzymatic reactions and/or concentrated using DNA Clean & 

Concentrator Kits (Zymo Research) following the manufacturer’s instructions. DNA was eluted in 10-

20 µL volume of provided Elution Buffer. For whole genome amplified sample clean-up, two step 

elution was performed to improve the recovery of DNA from the column. First, 15 µL Elution Buffer 

(warmed up to 70°C) was added to the column, incubated for 10 min at room temperature and spun 

down, followed by a second elution with 20 µL Elution Buffer (conditions as above). Clean DNA was 

stored at -20°C. 

 

2.4.5 Polymerase Chain Reaction (PCR) 

All PCR amplification reactions were performed using Phusion High-Fidelity PCR Master Mix with HF 

Buffer (New England Biolabs) in 0.2 mL PCR Eppendorf tubes using a T100 Thermal Cycler (Bio-Rad). 

Reaction mix volumes, their contents (Table 2-5) and reaction temperature profiles (Table 2-6) are 

shown below. 

 

Table 2-5. PCR mix volumes and sample contents 

Component 10µL reaction 25µL reaction 50µL reaction 
Final 

concentration 
Forward primer 

(10 µM) 
0.5 µL 1.25 µL 2.5 µL 0.5 µM 

Reverse primer 

(10 µM) 
0.5 µL 1.25 µL 2.5 µL 0.5 µM 

DMSO 0.3 µL 0.75 µL 1.5 µL 3% 

Phusion Master 

Mix (2x) 
5 µL 12.5 µL 25.0 µL 1x 

Template DNA varies varies varies varies 

Water to 10 µL to 25 µL to 50 µL  
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Table 2-6. PCR temperature profiles 

Step Temperature [°C] Time [sec] Cycles 
Initial denaturation  30 1 

Product amplification 

98 

45-72 

72 

10 

15 

30 / kb 

25-35 

Final extension 72 600 1 

Hold 4 ¥  

 

 

2.4.6 Colony PCR 

Putative transformants were analysed using a colony PCR approach. A single colony was picked off an 

agar plate, resuspended in 10 μl sterile water and mixed by pipetting. This cell resuspension was used 

as the template in a PCR, with 0.5 µL per PCR. The remaining suspension was plated on LBA (25 µg/mL 

kanamycin) plates, incubated overnight at 37°C and stored at 4°C for further analysis. 

 

2.4.7 Agarose gel electrophoresis 

For visualisation of DNA bands, DNA samples were analysed on 0.8-1% (w/v) agarose (Cleaver 

Scientific) gels in TBE running buffer, stained with SybrSafe (Thermo Fisher Scientific). Samples were 

mixed with 6x loading buffer (New England Biolabs) and loaded into wells, followed by electrophoretic 

separation at 100 V, 400 mA for 30-60 minutes using a PowerPac electrophoresis Power Supply Unit 

(Biorad). Samples were run alongside DNA size markers, either 1 kb Plus DNA Ladder (New England 

Biolabs) or 2-Log DNA Ladder (New England Biolabs). 

 

2.4.8 DNA gel extraction 

Purification of DNA fragments from gels after agarose gel electrophoresis (Section 2.4.7) was 

performed using a QIAquick Gel Extraction Kit (Qiagen) following the manufacturer’s protocol. Eluted 

DNA was stored at -20°C. 

 

2.4.9 Gibson assembly 

Cloning without the use of restriction enzymes was done via the Gibson assembly method (Gibson et 

al., 2009). Both insert and plasmid vector were PCR amplified (Section 2.4.5) using primer pairs with 

complementary overhangs (Appendix 1), and size selected from by-products by agarose gel 
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electrophoresis (Section 2.4.7) followed by DNA gel extraction (Section 2.4.8). Assembly was 

performed in 0.2 mL PCR Eppendorf tubes using 1:2 molar ratios of vector to insert, followed by 60 

min incubation at 50°C. Subsequent transformation was performed as previously described (Section 

2.2.3). Gibson assembly reaction mix (Table 2-7) and Gibson assembly master mix contents (Table 2-8) 

are shown below. 

 

Table 2-7. Gibson assembly reaction mix 

Reagent Amount 
Vector X µL 

Insert X µL 

Gibson assembly MM* 15 µL 

dH2O to 20 µL 

*Gibson assembly MM contents are shown in Table 2-8. 

 

Table 2-8. Gibson assembly Master Mix (MM) contents 

Reagent Amount 
5x ISO Buffer*  320 µL 

10U/µL T5 exonuclease  0.64 µL 

2U/µL Phusion polymerase  20 µL 

40U/µL Taq ligase  160 µL 

dH2O to 1.2 mL 

Stored in 30µL aliquots at -20°C. 

*5x ISO buffer contents are shown in Table 2-9. 

 

Table 2-9. 5x ISO buffer contents 

Reagent Amount 
Tris-HCl (pH 7.5) 4 mL 

2 m MgCl2 200 µL 

100 mM dNTP mix (25mM of each: dGTP, dCTP, 

dATP, dTTP) 

320 µL 

1 m DTT 400 µL 

PEG-8000 2 g 

100 mM NAD 400 µL 

Stored at -20°C. 
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2.4.10 Illumina sequencing: MiSeq 

NexteraXT libraries were prepared using the manufacturer’s protocol modified for 2/5 of the 

suggested reagent volumes. The tagmentation step was performed with 2 µL normalized DNA (0.7 

ng/µL), 4 µL Tagment DNA Buffer (TD) and 2 µL Amplicon Tagment Mix (ATM) followed by the addition 

of 2 µL Neutralize Tagment Buffer (NT). Libraries were subsequently amplified by adding 2 µL Index1 

(i7), 2 µL Index2 (i5) and 6 µL Nextera PCR Master Mix (NMP) with the PCR profile shown below (Table 

2-10). 

 

Table 2-10. Illumina MiSeq library amplification temperature profile 

Step Temperature [°C] Time [sec] Cycles 
 72 180 1 

Initial denaturation 97 30 1 

Product amplification 

97 

55 

65 

10 

30 

60 

16 

Final extension 72 300 1 

Hold 10 ¥  

 

During the post-PCR clean-up 30 µL water was added to each of the samples (bringing them 

back to 50 µL) followed by the addition of 25 µL AMPure XP Beads (Beckman Coulter). Finally, 30 µL 

Resuspension Buffer (RSB) was used for retrieval of DNA.  

Sequencing was carried out using a MiSeq platform with V2 (2x250 bp) chemistry. Obtained 

reads were trimmed with Sickle v.1.210 (Joshi and Fass, 2011) with `-t sanger -l 100` settings and 

assembled using SPAdes genome assembler v.2.5.1 software (Bankevich et al., 2012) with `--only-

assembler` setting. Reads were mapped back against the resultant contigs using BWA MEM v0.7.12 

(Li, 2013). SAMtools v1.6 (Li et al., 2009) were used to determine the average coverage of each contig. 

Phage genomic sequences were subsequently annotated using Prokka v.1.11 (Seemann, 2014) using 

a custom database of all phage genomes (Millard, 2019) that had previously been extracted from 

GenBank (Jul 2017); Vibrio genomic sequences were annotated using default options. Complete list of 

parameters used and their descriptions can be found in the supplementary materials (Appendix 2). 

 

2.4.11 Illumina sequencing: HiSeq 

Library preparation and sequencing for 2x150bp Illumina HiSeq 4000 was performed by the Centre for 

Genomic Research, University of Liverpool. Resultant fastq files were trimmed using Cutadapt v.1.2.1 

(Martin, 2011) using `-O 3` option. Further trimming was done using Sickle v.1.200 (Joshi and Fass, 
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2011) with a minimum window quality score of 20. Complete list of parameters used and their 

descriptions can be found in the supplementary materials (Appendix 2). 

 

2.4.12 Nanopore sequencing: MinION 

Libraries for long read sequencing were prepared according to the manufacturer’s protocol for Native 

barcoding genomic DNA using EXP-NBD104 and SQK-LSK109 kits (Oxford Nanopore). Prepared 

libraries were sequenced using a MinION with a FLO-MIN106 flowcell and MinIT (Oxford Nanopore) 

for data storage and further analysis. Bases were called with guppy_basecaller v.3.0.3 software using 

dna_r9.4.1_450bps_hac.cfg configuration for high accuracy calling. Demultiplexing of the sample was 

done with guppy_barcoder v.3.0.3 using default configuration and trimming of barcodes with 

Porechop v.0.2.1 (Wick, 2020).  

 

2.4.13 Sanger sequencing 

Sanger sequencing of short (< 1000 bp) DNA sequences was performed using GATC (Eurofins 

Genomics). Samples were prepared according to GATC requirements: 5 µL of template DNA (plasmid: 

80-100 ng/µL, PCR product: 2-25 ng/µL) plus 5 µL primer (5 µM concentration). 
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3.1 Introduction 

 

3.1.1 Coliphages in the marine environment: faecal pollution indicators 

Bacteriophages infecting Escherichia coli strains, commonly known as coliphages, have been used as 

a model ‘organism’ in molecular biology applications. Phage life cycles, replication, gene expression 

(Keen, 2015) have been extensively studied with some of the results being extrapolated onto higher 

organisms. For example, transcriptional regulation by phage lambda led to an understanding of the 

mechanisms governing transcription activation in eukaryotes (Brent and Ptashne, 1985; Ptashne, 

2005). For years coliphages have been used as indicators for determining the contamination of water 

samples by faecal coliforms and enteric viruses due to the affiliation of Escherichia coli with human 

sewage (Vaughn and Metcalf, 1975; Havelaar et al., 1991; Palmateer et al., 1991; Armon and Kott, 

1996; Grabow, 2004). Relatively high concentrations of coliphages in wastewater contaminated 

samples, increased stability and resistance to environmental factors when compared with the host 

coliforms (Duran et al., 2002; Sinton et al., 1999, 2002; Jofre et al., 2016), combined with easy and 

cost-effective methods for their detection led to the establishment of global standards for the use of 

coliphages as a proxy for water quality (ISO 2000). These methods require Escherichia coli ATCC 13706 

strain or its derivatives as a host, due to their high sensitivity to phage infection which correlates with 

increased rates of coliphage detection (Havelaar and Hogeboom, 1983; Rajala-Mustonen and 

Heinonen-Tanski, 1994). It is highly likely that the presence of coliphages in the marine environment 

is the result of anthropogenic input rather than due to phage propagation (Reyes and Jiang, 2010; 

Jofre et al., 2016). Although some experiments showed that under the artificial conditions coliphage 

replication in marine water samples is possible (Vaughn and Metcalf, 1975; Borrego et al., 1990), the 

density of host cells and coliphages in the actual marine environment is too low to sustain replication 

(Wiggins and Alexander, 1985). Moreover, more recent analyses suggest that the contribution of 

coliphages propagating in situ to the total amount of coliphages detected by standardized methods is 

negligible (Muniesa and Jofre, 2007; Jofre, 2009; Jofre et al., 2016). 

 

3.1.2 Diversity of coliphages 

The term coliphages, in the context of water quality control, distinguishes two groups of phages: 

somatic coliphages, that infect the host through the cell wall and F-specific coliphages, which infect 

cells through the sex pili (Jofre et al., 2016). The first group comprises largely DNA phages belonging 

to the families Myoviridae, Siphoviridae, Podoviridae and Microviridae, whereas the second group 

includes both RNA and DNA phages: Leviviridae and Inoviridae, respectively (Rajala-Mustonen and 
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Heinonen-Tanski, 1994; Jofre et al., 2016). Past studies on marine coliphage diversity almost 

exclusively focused on the morphological diversity and host range of isolated phages (Rajala-

Mustonen and Heinonen-Tanski, 1994; Muniesa et al., 1999b; Reyes and Jiang, 2010; Burbano-Rosero 

et al., 2011; Jofre et al., 2016). More recently, a study of Brazilian (Burbano-Rosero et al., 2011) and 

Californian (Reyes and Jiang, 2010) coastal waters showed that tailed somatic coliphages were the 

most common isolates with Siphoviridae being the most abundant, followed by Myoviridae family 

members. 

Regarding genomic diversity, coliphages are probably the most sequenced phages with ~1,650 

complete genomic sequences available in GenBank (NCBI Virus, 2019), with the vast majority of known 

sequences belonging to DNA coliphages of the Caudovirales order. However, only a small subset of 

these coliphages have undergone taxonomic classification by the ICTV (Lefkowitz et al., 2018), with a 

total of only 185 Escherichia viruses being currently classified (Korf et al., 2019). Moreover, most of 

the aforementioned isolates were obtained from animal (Smith et al., 2015; Sazinas et al., 2016) and 

human faeces (Dalmasso et al., 2016), urine (Malki et al., 2016), sewage (Trotereau et al., 2017), 

clinical samples (Pacífico et al., 2019), river and surface waters (Alijošius et al., 2017; Liao et al., 2018) 

and food samples (Sváb et al., 2018), yet the genomic diversity of coastal and marine coliphages still 

remains relatively unknown. 

 

3.1.3 Generalized transduction by virulent coliphages 

Generalized transduction of Escherichia coli by phages has been researched extensively, with 

particular focus on temperate phages such as Escherichia phage P1 (Lennox, 1955; Sternberg and 

Coulby, 1990). By recognising pac site homologs on the host bacterial chromosome, bacterial DNA can 

be encapsidated and subsequently transduced into new host cells (Penadés et al., 2015). However, 

various experiments have shown that under particular conditions virulent phages can also mediate 

generalized transduction. Lytic Escherichia phages e.g. T1 (Drexler, 1970; Roberts and Drexler, 1981) 

and T4 (Wilson et al., 1979; Young et al., 1982) have been previously shown to carry out generalised 

transduction. Moreover, transduction experiments have been performed using RB43 and RB49 lytic 

phage mutants, resulting in the transduction of pET-3a, pLysE (Tanyashin et al., 2003b) and pBBR322 

(Tanyashin et al., 2003a) plasmid-encoded antimicrobial resistance markers, respectively.  

Generalised transduction frequencies (the number of transduced cells divided by the total 

number of colony forming host cells) vary extensively, from <10-8 for wild type T4 (Wilson et al., 1979; 

Young et al., 1982) and <10-11 for Escherichia phage rV5 (Waddell et al., 2009), through to 10-6 to 10-8 

for selected T4 phage mutants (Young et al., 1982) to ~10-5 for T4GT7 phage mutant (Wilson et al., 

1979). Similar results have been shown for Salmonella phage P22 (Schmieger, 1972) and Escherichia 
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phage P1 mutants (Wall and Harriman, 1974), with particular mutations resulting in an up to 103-fold 

increase in phage transduction rates. Further research showed that in Salmonella phage P22, 

increased rates of generalised transduction were correlated with point mutations in the small 

terminase subunit (Casjens et al., 1992). 

Generalised transduction in virulent phages is not only rare, due to degradation of the host 

genome during infection, but also difficult to observe due to the possibility of co-infection of the 

recipient cell with both transducible particles and plaque forming particles, leading to cell death 

(Waddell et al., 2009). As such, methods have been developed for its determination. Their main 

principle is to reduce the possibility of coinfection of recipient cells by both transducible particles and 

plaque forming particles by using low MOI numbers (Waddell et al., 2009). Additionally, reduction of 

phage virulence and secondary infections by the use of phage antiserum (Waddell et al., 2009) or 

chelation of calcium ions with sodium citrate (Thomason et al., 2007) has been suggested. 

 

3.1.4 Aims 

Although marine and coastal coliphages have been used previously as a proxy for water quality (see 

Section 3.1.1), the limited studies on their diversity focused mostly on their morphological diversity 

and host range (Section 3.1.2), with their genomic diversity being largely undetermined. Furthermore, 

although rates of generalised transduction were shown to vary heavily between different phages 

(Young et al., 1982; Waddell et al., 2009) and strains of the same phage as exemplified by Escherichia 

phage T4 mutants (Wilson et al., 1979) (see Section 3.1.3), there were no major studies on generalised 

transduction rates of coliphages within the marine environment.  As such, the aim of this chapter was 

to determine the genomic diversity and transduction rates of marine coliphages to establish a 

framework for the analysis of marine phages. 

 

To achieve this aim, the following objectives were undertaken: 

1. Isolate coliphages from environmental marine water samples 

2. Perform genomic and phylogenetic analysis of the isolates 

3. Determine phage morphology, protein composition and infection parameters 

4. Perform transduction of a plasmid-encoded antimicrobial resistance marker 
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3.2 Methods 

 

3.2.1 Coliphage isolation 

Coliphages were isolated using Escherichia coli MG1655 as a host via a single layer plaque assay (Van 

Twest and Kropinski, 2009), modified for the greater volume of water to be sampled. Briefly, sea water 

samples were filtered through 0.22 µm pore-size polycarbonate filters (Sarstedt) and mixed with CaCl2 

to a final concentration of 1 mM. These were then mixed with an overnight culture of E. coli MG1655 

at 20:1 (sample to culture) ratio and incubated for 5 min at room temperature. Subsequently, samples 

were mixed 1:1 with molten LBA (Section 2.1.3) set to 50°C for the final agar concentration of 0.5% 

(w/v) and poured into petri dishes. Plates were incubated overnight at 37°C and checked for the 

presence of plaques. 

Water samples where no coliphages were detected underwent an enrichment procedure. 

Briefly, 20 mL sea water was mixed with 20 mL LB broth and 1 mL log growth phase E. coli MG1655, 

incubated overnight at 37°C and filtered through a 0.22µm pore size filter, followed by standard 

plaque assay. Detected phage plaques were transferred to SM buffer (Section 2.1.3) using a 1 mL 

pipette tip, disrupted by vortexing and filtered using a 0.22µm pore size filter. Three rounds of plaque 

purification were performed (Section 2.3.3) to obtain clonal phage isolates (Van Twest and Kropinski, 

2009).  

 

3.2.2 Phage comparative genomics and phylogeny analysis 

Coliphage DNA was extracted (Section 2.4.2) and underwent Illumina MiSeq sequencing (Section 

2.4.10). Phage sequences were further annotated using hmmscan (Eddy, 2011) using the pVOG 

database to annotate proteins that fall within current pVOGs (Grazziotin et al., 2017). Raw sequence 

data and assembled genomes were deposited in the ENA under the project accession number 

PRJEB28824. 

A MASH database, comprising of short sketches representing longer nucleotide sequences, 

was constructed from all the phage genomes (Millard, 2019) available at the time of analysis (Apr 

2018) using Mash v.2 (Ondov et al., 2016) with `-s 1000` setting. MASH distance, which has been 

shown to be equivalent to ANI (Ondov et al., 2016), has been used to compare isolated coliphage 

genomes, followed by nucmer v.3.1 (Delcher, 2002) using `--maxgap=500 --mincluster=100`  settings 

to identify possible SNPs (single nucleotide poymorphisms) between closely related phage genomic 

sequences. Subsequent MASH distance analysis was performed to compare isolated phage genomes 

against the database of all phages; selected genomes were downloaded and re-annotated with Prokka 
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v.1.11 (Seemann, 2014) using previously described custom database (Section 2.4.10) to ensure 

consistency during comparative genomics analysis. Core genome analysis was performed with ROARY 

(Page et al., 2015) using `--e --mafft -p 32 –i 90` settings or using an orthoMCL approach from 

GET_HOMOLOGUES software (Contreras-Moreira and Vinuesa, 2013) when no core genes were 

detected with ROARY. Optimal phylogenetic markers were determined via the GET_PHYLOMARKERS 

pipeline (Vinuesa et al., 2018) using “-R1 –t DNA” settings. Phylogenetic analysis was performed using 

IQ-TREE (Nguyen et al., 2015), with models of evolution selected using modeltest (Posada and 

Crandall, 1998). Average nucleotide identity was determined with autoANI.pl (Davis II et al., 2016). 

Trees were visualised using ITOL, Interactive Tree of Life (Letunic and Bork, 2007). Complete list of 

parameters used and their descriptions can be found in the supplementary materials (Appendix 2). 

 

3.2.3 Phage TEM, host range, growth characteristics and proteomics. 

Selected representative phage isolates underwent host range analysis (Section 2.3.4), one-step 

experiments to determine phage growth characteristics (Section 2.3.5), TEM (Section 2.3.10) and 

proteomics (Section 2.3.9) analysis as previously described. 

 

3.2.3 Coliphage transduction experiment 

To determine if the isolated coliphages were capable of transduction, an experiment was performed 

as follows. Phage lysates for all representative phages were obtained using E. coli DH5α/pBBR1MCS2 

(Appendix 17) as a host (Section 2.3.2). Subsequently, the lysate underwent DNase I treatment (10 

µg/mL) at 37 °C for 30 min to remove non-encapsidated DNA and was titered on a recipient E. coli 

MG1655 strain (Section 2.3.3). Recipient cells were grown to log growth phase (Section 2.2.1) and 

infected at MOIs of 0.1, 0.01 and 0.001. Cultures were incubated at 37 °C for 7 min with shaking (250 

rpm) and immediately afterwards supplemented with sodium citrate to a concentration of 0.1 M (to 

prevent adsorption of progeny phages by chelating Ca2+ ions), followed by incubation at 37°C for 1 

hour. Cells were pelleted by centrifugation at 8,000x g for 1 minute, washed with, and then 

resuspended in, 1 mL LB medium (+0.1 M sodium citrate) and incubated at room temperature for a 

further 10 min. Cells and a non-infected control were plated on LBA and LBA-kan (25 µg/mL 

kanamycin) plates, incubated overnight at 37°C and checked for the presence of transduced colonies. 

To determine phage dependency on Ca2+ ions for adsorption and infection, all the lysates with 

known titre (post-DNase I treatment) underwent serial dilution in SM buffer and were re-titered on E. 

coli MG1655 cells supplemented with 0.1 M sodium citrate (Section 2.3.3). 
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3.3 Results 

 

3.3.1 Phage isolates 

A total of four phage isolates were obtained via a simple plaque assay method from two Polish water 

samples (vB_Eco_mar001J1, vB_Eco_mar002J2, vB_Eco_mar003J3 and vB_Eco_mar004NP2), one 

phage from a freshwater urban pond (vB_Eco_swan01), while no phages were detected in the Great 

Yarmouth water sample. Subsequent enrichment procedure of Great Yarmouth water, followed by 

plaque assay step resulted in the isolation of five phages: vB_Eco_mar005P1, vB_Eco_mar006P2, 

vB_Eco_mar007P3, vB_Eco_mar008P4 and vB_Eco_mar009P5 (Table 3-1). Phage titre in each water 

sample was very low, <1 pfu/mL, whereas the phage titre of the Great Yarmouth water sample could 

not be determined due to the prior phage enrichment procedure.  

 

Table 3-1. Water samples, phage titre and isolated phages 

Water sampling location Phage titre (pfu/mL) Isolated phage 
Swanswell Pool, Coventry, United Kingdom 0.0125 vB_Eco_swan01 

Oliva Stream Estuary, Jelitkowo, Gdansk, Poland 0.28 

vB_Eco_mar001J1 

vB_Eco_mar002J2 

vB_Eco_mar003J3 

Martwa Wisla Estuary, Nowy Port, Gdansk, 

Poland 
0.11 vB_Eco_mar004NP2 

Great Yarmouth, United Kingdom ND* 

vB_Eco_mar005P1 

vB_Eco_mar006P2 

vB_Eco_mar007P3 

vB_Eco_mar008P4 

vB_Eco_mar009P5 

* - titre could not be determined 

 

3.3.2 Phage comparative genomics and phylogenetic analysis 

Genome sizes and genetic makeup of all the phage isolates was determined via Illumina MiSeq 

sequencing followed by genome assembly. Phage vB_Eco_swan01 had a 50 kbp genome with 83 

coding sequences (CDS) predicted. Despite being isolated indepedently, phages vB_Eco_mar001J1 

and vB_Eco_mar002J2 had similar sized 50 kbp genomes with 78 and 79 CDS respectively. Similarly, 

phage isolates vB_Eco_mar005P1, vB_Eco_mar006P2, vB_Eco_mar007P3, vB_Eco_mar008P4 and 

vB_Eco_mar009P5 all had 167 kbp genomes containing 267 CDS and 2 tRNAs (Table 3-2). Finally, 
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phage vB_Eco_mar003J3 had a 115 kbp genome with 163 CDS and 26 tRNAs, whereas 

vB_Eco_mar004NP2 had a 107 kbp genome with 156 CDS and 21 tRNAs (Appendix 3, Table 3-2).  

MASH distance comparisons of isolated coliphages showed that they belonged to three 

different groups based on their genome similarity: group 1 comprising vB_Eco_swan01, 

vB_Eco_mar001J1 and vB_Eco_mar002J2; group 2 comprising vB_Eco_mar003J3 and 

vB_Eco_mar004NP2; and group 3 comprising vB_Eco_mar005P1, vB_Eco_mar006P2, 

vB_Eco_mar007P3, vB_Eco_mar008P4 and vB_Eco_mar009P5. Subsequent nucmer comparison of 

phage genomes within each group showed that vB_Eco_mar001J1 and vB_Eco_mar002J2 were 

identical, whereas phages vB_Eco_mar003J3 and vB_Eco_mar004NP2 were unique and likely 

represented different phage species; group 3 phages: vB_Eco_mar005P1, vB_Eco_mar006P2 and 

vB_Eco_mar008P4 were identical with vB_Eco_mar007P3 and vB_Eco_mar009P5 differing from them 

only by nine SNPs, and phages vB_Eco_mar007P3 and vB_Eco_mar009P5 differing by 18 SNPs. 

MASH distance comparison of phage isolates against the database of all phage genomes 

showed that Group 1 phages were closely related to Shigella phage pSf-1 (see Appendix 4 for accession 

numbers) and Escherichia phage SECphi27, both members of Tunavirinae subfamily, based on ICTV 

taxonomy (Lefkowitz et al., 2018). Group 2 phages, vB_Eco_mar003J3 and vB_Eco_mar004NP2, had 

greatest similarity to the Salmonella phage 100268 and Escherichia phage phiLLS, respectively, both 

belonging to the Tequintavirus genus. Finally, group 3 phages had highest similarity to E. coli O157 

typing phage 3 and to phage APCEc01, phages belonging to the subfamily Tevenvirinae, genus 

Mosigvirus (Table 3-2). 

Phylogenetic analysis was carried out to classify all the isolated phages. For group 1 phages, 

vB_Eco_swan01, vB_Eco_mar001J1 and vB_Eco_mar001J2, phylogenetic analysis included all 

members of the Tunavirinae subfamily (April 2018) and was performed using the gene encoding the 

large terminase subunit, as it has been used previously by the ICTV for classification of phages within 

this subfamily (Kropinski et al., 2015). Phages vB_Eco_swan01 and vB_Eco_mar001J1 (and identical 

vB_Eco_mar001J2) grouped with Shigella phage pSf-1 (KC710998), Escherichia phage SECphi27 

(LT961732) and Cronobacter virus Esp2949-1 (NC_019509) forming a separate clade from already 

defined genera of Rogunavirus, Rtpvirus, Tlsvirus, Tunavirus and Webervirus clearly demonstrating 

that the new isolates belong to the Tunavirinae subfamily (Figure 3-1).  
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To confirm the phylogeny of vB_Eco_swan01, vB_Eco_mar001J1 and vB_Eco_mar001J2, core 

gene analysis of all Tunavirinae phages was performed. Although a ROARY approach resulted in no 

core genes being detected, further analysis using orthoMCL identified nine core genes across all 

Tunavirinae phages, which were subsequently filtered using GET_PHYLOMARKERS pipeline. The 

resultant four genes: MAR001J1_00001 (minor tail protein), MAR001J1_00004 (major tail protein), 

MAR001J1_00010 (major capsid protein) and MAR001J1_00077 (tail assembly protein) were 

concatenated and used to construct a phylogenetic tree of subfamily Tunavirinae (Figure 3-2). The 

Figure 3-1 Phylogenetic analysis of Tunavirinae subfamily phages using the nucleotide sequence of the large 

terminase subunit gene. Based on the BTIM2 + F + R3 model of evolution with 1000 bootstrap replicates (Section 

3.2.2). Coliphages undergoing analysis: vB_Eco_swan01 and vB_Eco_mar001J1 are indicated with bold font. Filled 

circles denote bootstrap values >70%; size is proportional to the bootstrap value. Branch lengths indicate the 

number of substitutions per site.  
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analysis confirmed previously defined genera of Rogunavirus, Rtpvirus, Tlsvirus, Tunavirus and 

Webervirus. Isolated phages vB_Eco_swan01 and vB_Eco_mar002J2 formed a separate clade together 

with Escherichia phage SECphi27 and Shigella phage pSf-1, the only representative of the genus 

Hanrivervirus within subfamily Tunavirinae, suggesting that they all belong to the same genus. This 

was further reinforced by an ANI comparison between the aforementioned phages: all the phages 

belonging to the Hanrivervirus clade have an ANI >75% between each other compared to 60-70% ANI 

with other phages in the Tunavirinae subfamily. Species within the genus Hanrivervirus were 

determined based on >97% ANI cutoff between phages rather than previously suggested >95% ANI 

cutoff (Adriaenssens et al., 2020), due to the higher consistency with the observed phylogeny (Figure 

3-2). As a result, three phage species were observed: Escherichia virus vB_Eco_swan01 

(vB_Eco_swan01 and SECphi27), Escherichia virus vB_Eco_mar001J1 (phages: vB_Eco_mar001J1, 

vB_Eco_mar002J2) and Shigella virus pSf1. 
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Figure 3-2 Phylogenetic analysis of Tunavirinae subfamily phages based on the concatenated nucleotide sequence of four core genes: MAR001J1_00001, 
MAR001J1_00004, MAR001J1_00010 and MAR001J1_00077. Based on GTR+F+ASC+G4 model of evolution with 1000 bootstrap replicates (Section 3.2.2). Phage 
genera are denoted by coloured strip. Phages identified in this study are indicated in bold font. Filled circles denote bootstrap values >70%; size is proportional to 
the bootstrap value. Branch lengths indicate the number of substitutions per site. Heatmap represents ANI between phages; only values >97% are shown. 
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Phylogeny of vB_Eco_mar003J3 and vB_Eco_mar004NP2 was assessed based on the gene encoding 

DNA polymerase, as it has been used previously for classification of T5virus (Tequintavirus as of Feb 

2019) phages, confirming that both isolates were related to other Tequintavirus phages (Figure 3-3).  

 

 

 

Figure 3-3 Phylogenetic analysis of phages of the genus Tequintaviridae using the nucleotide sequence of the 
gene encoding DNA polymerase. Based on the TIM2 + F + R3 model of evolution with 1000 bootstrap replicates 
(Section 3.2.2). Pelagibacter phage HTVC010P [acc: NC_020481] was used as an outgroup. Phages identified in 
this study are indicated in bold font. Filled circles denote bootstrap values >70%; size is proportional to the 
bootstrap value. Branch lengths indicate the number of substitutions per site. 
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As such, core gene analysis was performed to classify the new isolates. Using ROARY to predict 

core-genes resulted in the detection of 19 core genes. However, hierarchical filtration using 

GET_PHYLOMARKERS pipeline (Section 3.2.2) resulted in no genes being suitable for further analysis. 

As a result, ROARY analysis was repeated with lower identity cutoffs followed by filtration, until 

markers passed the following filtering criteria: they showed no signs of recombination, resultant 

phylogenetic trees were not anomalous and had strong phylogenetic signal (Vinuesa et al., 2018). At 

75% identity, 44 core genes were predicted, with GET_PHYLOMARKERS filtering resulting in 14 genes 

being viable for further analysis. Finally, the top two phylogenetic markers: MAR004NP2_00005 

(putative DNA helicase) and MAR004NP2_00031 (phage tail fiber protein) were concatenated and 

used for the construction of a phylogenetic tree (Figure 3-4). This analysis confirmed that both isolated 

phages belong to the genus Tequintavirus, with phage vB_Eco_mar004NP2 representing a new phage 

species within the genus (ANI <95% to other phages in the genus). However, the classification of phage 

vB_Eco_mar003J3 still remains unresolved. Although it has >95% ANI with phages saus132 and 

poul149, which belong to the same species within the genus Tequintavirus, phylogenetic analysis 

suggests they might not be closely related. However, if a >97% ANI cutoff was to be applied for the 

determination of phage species, phylogenetic analysis would correspond with currently defined phage 

species, and phage vB_Eco_mar003J3 would represent a new species within the genus Tequintavirus. 
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Figure 3-4. Phylogenetic analysis of Tequintaviridae genus phages based on the concatenated nucleotide sequence of two core genes: 
MAR004NP2_00005 and MAR004NP2_00031. Based on the GTR+F+ASC+R2 model of evolution with 1000 bootstrap replicates (Section 3.2.2). 
Phages identified in this study are indicated in bold font. Filled circles denote bootstrap values >70%; size is proportional to the bootstrap value. 
Branch lengths indicate the number of substitutions per site. Heatmap represents ANI between phages; only values >97% are shown. 
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Phages vB_Eco_mar005P1, vB_Eco_mar006P2, vB_Eco_mar007P3, vB_Eco_mar008P4 and 

vB_Eco_mar009P5 underwent phylogenetic analysis based on the gene encoding the major capsid 

protein (g23), as it was used previously for classification of phages belonging to the Tevenvirinae 

subfamily. Due to the g23 sequence being identical for all five isolates, only one copy was included in 

the analysis (Figure 3-5). Phylogenetic analysis clustered vB_Eco_mar005P1 with phages APCEc01, E. 

coli O157 typing phage 3, HX01, vB_EcoM_JS09 and RB69, all five belonging to the genus Mosigvirus, 

indicating that these new phage isolates belong to this genus.  

 

Figure 3-5. Phylogenetic analysis of Tevenvirinae subfamily phages using the nucleotide sequence of the 
major capsid protein (g23). Based on the TIM2 + F + R5 model of evolution with 1000 bootstrap replicates 
(Section 3.2.2). Phages belonging to the Mosigvirus genus are marked in blue with phages identified in 
this study being indicated in bold font. Filled circles denote bootstrap values >70%; size is proportional to 
the bootstrap value. Branch lengths indicate the number of substitutions per site. 
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To further classify the new isolates, core gene analysis was performed. ROARY analysis 

resulted in the detection of 170 core genes between phages belonging to the genus Mosigvirus, with 

86 passing filtering via the GET_PHYLOMARKERS pipeline (Section 3.2.2). Nine top hits: nrdC (NCBI 

GeneID:1494209), rnlA (GeneID:1494352), ndd (GeneID:1494384), regA (GeneID:1494173), g52 

(GeneID:1494381), g14 (GeneID:1494292), td (GeneID:1494357), g053 (GeneID:1494168) and g30.3 

(GeneID:1494331) were concatenated and used for the construction of a phylogenetic tree (Figure 

3-6). The resultant phylogeny comprised of a clade consisting of new phage isolates and Escherichia 

phage APCEc01, further confirming that phages vB_Eco_mar005P1, vB_Eco_mar006P2, 

vB_Eco_mar007P3, vB_Eco_mar008P4 and vB_Eco_mar009P5 belong to the genus Mosigvirus. 

Furthermore, as these new isolates have an >95% ANI between each other and Escherichia phage 

APCEc01, they all represent the strains of the species Escherichia virus APCEc01 within the genus 

Mosigvirus.
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Figure 3-6. Phylogenetic analysis of Mosigvirus genus phages based on the nucleotide sequence of nine concatenated genes: nrdC, rnlA, ndd, regA, g52, g14, td, 
g053 and g30.3. Based on the GTR+F+ASC+R2 model of evolution with 1000 bootstrap replicates (Section 3.2.2). Phage host species are indicated prior to the phage 
name and accession number. Phages identified in this study are indicated in bold font. Filled circles denote bootstrap values >70%; size is proportional to the 

bootstrap value. Branch lengths indicate the number of substitutions per site. Heatmap represents ANI between phages; only values >97% are shown. 
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Phylogenetic analysis of all the phage isolates resulted in the discovery of four new phage 

species represented by: vB_Eco_swan01, vB_Eco_mar001J1 (and vB_Eco_mar002J2), 

vB_Eco_mar003J3 and vB_Eco_mar004NP2, and identification of five new representatives of already 

existing phage species Escherichia virus APCEc01: vB_Eco_mar005P1, vB_Eco_mar006P2, 

vB_Eco_mar007P3, vB_Eco_mar008P4 and vB_Eco_mar009P5 (Table 3-2).  

 

Table 3-2. Isolated phages and their genomic characteristics: genome size, number of genes, CDS, 

tRNAs and classification based on ICTV taxonomy 

Phage 
Genome 
size [bp] 

Genes CDS tRNAs 
Classification  

(ICTV taxonomy; 2018b release) 

vB_Eco_swan01* 50865 83 83 0 
Caudovirales; Siphoviridae; 

Tunavirinae, Hanrivervirus 

vB_Eco_mar001J1* 50343 78 78 0 
Caudovirales; Siphoviridae; 

Tunavirinae, Hanrivervirus 

vB_Eco_mar002J2* 50343 79 79 0 
Caudovirales; Siphoviridae; 

Tunavirinae, Hanrivervirus 

vB_Eco_mar003J3* 115471 189 163 26 
Caudovirales; Siphoviridae; 

Tequintavirus 

vB_Eco_mar004NP2* 107601 177 156 21 
Caudovirales; Siphoviridae; 

Tequintavirus 

vB_Eco_mar005P1 167773 269 267 2 

Caudovirales; Myoviridae; 

Tevenvirinae; Mosigvirus; Escherichia 

virus APCEc01 

vB_Eco_mar006P2 167773 269 267 2 

Caudovirales; Myoviridae; 

Tevenvirinae; Mosigvirus; Escherichia 

virus APCEc01 

vB_Eco_mar007P3 167651 269 267 2 

Caudovirales; Myoviridae; 

Tevenvirinae; Mosigvirus; Escherichia 

virus APCEc01 

vB_Eco_mar008P4 167773 269 267 2 

Caudovirales; Myoviridae; 

Tevenvirinae; Mosigvirus; Escherichia 

virus APCEc01 

vB_Eco_mar009P5 167658 269 267 2 

Caudovirales; Myoviridae; 

Tevenvirinae; Mosigvirus; Escherichia 

virus APCEc01 

* The isolate is a representative of a new phage species 
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Due to vB_Eco_mar001J1 and vB_Eco_mar002J2 being identical and phages 

vB_Eco_mar005P1, vB_Eco_mar006P2, vB_Eco_mar007P3, vB_Eco_mar008P4 and 

vB_Eco_mar009P5 differing only by a few SNPs, further analyses were performed on representative 

isolates: vB_Eco_swan01, vB_Eco_mar002J2, vB_Eco_mar003J3, vB_Eco_mar004NP2 and 

vB_Eco_mar005P1. 

 

3.3.3 Phage morphology 

TEM imaging of representative phages: vB_Eco_swan01, vB_Eco_mar002J2 (identical with 

vB_Eco_mar001J1) (Figure 3-7), vB_Eco_mar003J3, vB_Eco_mar004NP2 (Figure 3-8) and 

vB_Eco_mar005P1 (same species as vB_Eco_mar006P2, vB_Eco_mar007P3, vB_Eco_mar008P4 and 

vB_Eco_mar009P5) (Figure 3-9) confirmed that all the isolates were tailed phages belonging to the 

order Caudovirales. Phage morphological properties were determined as the average of at least 10 

individual phage particle measurements and were summarised in the Table below ( 

 

Table 3-3). Visible polyhedral heads (on average 52-67 nm wide, 56-70 nm long) with long non-

contractile tails (on average 143-185 nm length) of phages vB_Eco_swan01, vB_Eco_mar002J2 (Figure 

3-7), vB_Eco_mar003J3 and vB_Eco_mar004NP2 (Figure 3-8) classified them as members of the family 

Spihoviridae, confirming previous phylogenetic analysis. Phage vB_Eco_mar005J1 had a visible prolate 

head (on average 86 nm wide and 111 nm long) with a contractile tail (on average 121 nm long) and 

distinguishable tail fibers, which classified it as a member of the Myoviridae phage family (Figure 3-9). 

 

 

 

 

 

 

 

 

 

 

A B 

Figure 3-7. Morphology of phage isolates belonging to the genus Hanrivervirus: (A) vB_Eco_swan01 

and (B) vB_Eco_mar001J1. 
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Table 3-3. Coliphage morphological properties: head dimensions (width, length), tail dimensions 

(length, width), phage taxonomy. Phage dimensions are an average of at least 10 individual phage 

particle measurements. 

Phage 
Head dimensions Tail dimensions 

Taxonomy 
Length (nm) Width (nm) Length (nm) Width (nm) 

vB_Eco_swan01 
56 ± 1 

 
53 ± 2 154 ± 10 10 ± 1 Siphoviridae 

vB_Eco_mar002J2 56 ± 4 55 ± 4 143 ± 13 11 ± 1 Siphoviridae 

vB_Eco_mar003J3 71 ± 5 66 ± 2 176 ± 9 10 ± 1 Siphoviridae 

vB_Eco_mar004NP2 70 ± 5 67 ± 5 185 ± 19 9 ± 1 Siphoviridae 

vB_Eco_mar005P1 111 ± 11 86 ± 6 121 ± 7 20 ± 3 Myoviridae 

 

A B 

Figure 3-8. Morphology of phage isolates belonging to the subfamily Tequintavirinae: (A) 

vB_Eco_mar003J3 and (B) vB_Eco_mar004NP2. 

Figure 3-9. Morphology of phage isolate 

vB_Eco_mar005P1, a representative of 

Escherichia virus APCEc01 species. Underneath 

the phage a broken off base plate with six tail 

fibres can be observed. 
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3.3.4 Host range 

Host range was determined for selected representative phages: vB_Eco_swan01, vB_Eco_mar002J2, 

vB_Eco_mar003J3, vB_Eco_mar004NP2 and vB_Eco_mar005P1. Due to high similarities between 

coliphage isolates and other phages that infect enteric bacteria, as shown previously by the 

phylogenetic analysis, a range of Enterobacteriaceae strains was used for host range analysis: 10 

Escherichia coli, 14 Klebsiella and one Salmonella strain (Table 3-4). Although all phages belonging to 

the family Siphoviridae were able to infect between five and eight tested strains, vB_Eco_mar004NP2 

was the only phage that was able to form plaques on Salmonella typhimurium. Moreover, although 

phages vB_Eco_swan01 and vB_Eco_mar002J2 were closely related and belonged to the same genus 

Hanrivervirus, there was a large difference between their ability to infect Klebsiella strains, with 

vB_Eco_mar002J2 infecting three strains and vB_Eco_swan01 none. Finally, phage vB_Eco_mar005P1, 

the sole representative of the family Myoviridae, was able to infect three Escherichia strains (Table 

3-4).  
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Table 3-4. Host range of isolated coli phages. Infection is marked with green colour. 

Strain 
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Escherichia coli MG1655 (K12)      
Escherichia coli GD45      
Escherichia coli GU48      
Escherichia coli T3-21      
Escherichia coli SFR-11      
Escherichia coli D22      
Escherichia coli N43      
Escherichia coli EV36      
Escherichia coli 170713      
Escherichia coli 170972      
Klebsiella varicola DSM 15968      
Klebsiella oxytoca DSM 5175      
Klebsiella oxytoca DSM 25736      
Klebsiella quasipneumoniae DSM28211      
Klebsiella michiganensis DSM 25444      
Klebsiella pneumoniae pneumoniae DSM30104      
Klebsiella pneumoniae isolate 170723      
Klebsiella oxytoca isolate 170748      
Klebsiella pneumoniae isolate 170820      
Klebsiella oxytoca isolate isolate 170821      
Klebsiella pneumoniae isolate 170958      
Klebsiella pneumoniae isolate 171167      
Klebsiella oxytoca isolate 171266      
Klebsiella pneumoniae isolate 170304      
Salmonella typhimurium       
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3.3.5 Phage infection characteristics 

One-step experiments were performed for all the representative phages to determine their burst size 

and the duration of their eclipse and latent periods (Figure 3-10). Significant variation was observed 

between the isolates’ burst sizes, ranging from an average of 31 to 193 progeny phages being released 

form a single infected cell (Table 3-5). Similarly, both eclipse and latent periods varied from 9 to 26 

minutes and from 12 to 40 minutes, respectively (Table 3-5). Moreover, large variation in infection 

parameters was noticeable even within the same genus. Phage isolates vB_Eco_mar003J3 and 

vB_Eco_mar004NP2, both belonging to Tequintavirus, had a burst size of 76 and 193 pfu/cell with 

latent periods of 40 minutes and 33 minutes, respectively. Even closely related species from the genus 

Hanrivervirus, vB_Eco_swan01 and vB_Eco_mar002J2 differed in their burst size by over 50% (78 and 

51 pfu/cell, respectively) while having very similar latent periods of 15 and 12 minutes, respectively.  

 

Table 3-5. Coliphage infection characteristics: burst size, eclipse period duration, latent period 

duration 

Phage Isolate Burst size (pfu/cell) Eclipse period (min) Latent period (min) 
vB_Eco_swan01 78 ± 9 9 15 

vB_Eco_mar002J2 51 ± 17 9 12 

vB_Eco_mar003J3 76 ± 22 25 40 

vB_Eco_mar004NP2 193 ± 26 20 33 

vB_Eco_mar005P1 31 ± 9 23 14 

Figure 3-10. A representative one step experiment curve for phage vB_Eco_mar002J2 infecting E. coli 

MG1655. Data points are an average of three biological replicates, with error bars representing 

standard deviation. Eclipse period: 9 min, latency: 12 min, burst size ~51 pfu/cell. 



 87 

3.3.6 Phage proteomics analysis 

Proteomics analysis to identify structural and possible encapsidated proteins was performed on 

selected representative phages: vB_Eco_swan01 for the genus Hanrivervirus, vB_Eco_mar003J3 and 

vB_Eco_mar004NP2 for subfamily Tequintavirus and vB_Eco_mar005P1 for the genus Mosigvirus. A 

total of five proteins for vB_Eco_swan01, seven for vB_Eco_mar003J3, eight for vB_Eco_mar004NP2 

and finally five for vB_Eco_mar005P1 were detected (Appendix 3). Subsequently, identified proteins 

were cross referenced with the annotated phage genomic sequences. As a result, two already 

annotated structural proteins of phage vB_Eco_swan01 were confirmed: SWAN_00017 (tail length 

tape-measure protein) and SWAN_00019 (major tail protein), and three more were identified: 

SWAN_00025 (putative major capsid protein), SWAN_00026 and SWAN_00027 (both hypothetical 

proteins). Core gene analysis of phages belonging to the genus Hanvirus (Section 3.3.2) enabled the 

annotation of SWAN_00017, SWAN_00019, SWAN_00025, SWAN_00026 and SWAN_00027 

orthologues in vB_Eco_mar001J1, vB_Eco_mar002J2 and SWAN_00017, SWAN_00019, SWAN_00025 

orthologues in Escherichia phage SECphi27. 

Proteomic analysis of vB_Eco_mar003J3 and vB_Eco_mar004NP2 resulted in the 

identification and confirmation of multiple orthologous proteins within both phages. Phage 

vB_Eco_mar003J3 proteins with locus tags: MAR003J3_00086 (tail length tape-measure protein), 

MAR003J3_00090 (major tail protein), MAR003J3_00094 (major head protein precursor), 

MAR003J3_00095 (putative prohead protease), MAR003J3_00096 (putative tail protein) and 

MAR003J3_00097 (portal protein) were also detected in vB_Eco_mar004NP2: MAR004NP2_00155 

(annotated as pore-forming tail tip protein), MAR004NP2_00151, MAR004NP2_00147, 

MAR004NP2_00146, MAR004NP2_00145 and MAR004NP2_00144, respectively. Moreover, phage 

tail fiber protein (locus tag MAR003J3_00081) was identified in vB_Eco_mar003J3, with no orthologue 

in vB_Eco_mar004NP2 based on core gene analysis. In addition to the aforementioned proteins, 

proteomics analysis of phage vB_Eco_mar004NP2 led to the detection of: MAR004NP2_00157 (tail 

protein, orthologue of MAR003J3_00084) and MAR004NP2_00160 (putative tail fiber protein), 

neither of which were detected in vB_Eco_mar003J3 sample.  

Phage vB_Eco_mar005P1 proteomics analysis resulted in confirmation of four annotated 

proteins, three of which were structural proteins: MAR005P1_00047 (tail sheath protein), 

MAR005P1_00051 (prohead core protein) and MAR005P1_00054 (major capsid protein) in addition 

to the fourth identified protein, MAR005P1_00076 (ADP-ribosyltransferase), which is packaged within 

the phage head. Additionally, proteomics analysis confirmed the presence of another structural 

protein: MAR005P1_00015 (hypothetical protein).  
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3.3.7 Coliphage transduction of plasmid-encoded ARG 

The capability of coliphage to transduce a plasmid-borne ARG marker into a susceptible host was 

determined for representative phages: vB_Eco_swan01, vB_Eco_mar002J2, vB_Eco_mar003J3, 

vB_Eco_mar004NP2 and vB_Eco_mar005P1. Phage lysates obtained after infecting E. coli DH5α 

containing pBBR1MCS2 plasmid (with kanamycin resistance marker gene) when titered on the 

recipient E. coli MG1655 host showed titres between 107 and 109 pfu/mL. Overnight incubation 

resulted in no colonies nor bacterial growth being observed on the LBA-kan plates. Moreover, all the 

LBA plates containing phage infected cells were clear with no bacterial growth present, suggesting 

complete lysis of the host cells. Control LBA plate showed confluent bacterial lawn growth, confirming 

the viability of the E. coli MG1655 host cells used and the complete lysis of host cells by phages in all 

the experimental samples.  

Subsequent re-titration of phage lysates using an E. coli MG1655 host culture supplemented 

with 0.1M sodium citrate (with chelated Ca2+ ions), resulted in the same titres as observed post DNaseI 

treatment, suggesting that secondary infections of tested phages cannot be prevented by the removal 

of Ca2+ ions. 

 

3.4 Discussion 

Ten coliphage isolates were obtained from four sampling sites: nine from marine water samples and 

one from a freshwater pond water sample. Observed phage titres were relatively low, under 1 pfu/mL, 

although this might be attributable to the host strain, Escherichia coli MG1655 (K12 derivative), used 

for phage isolation in this study. It has been suggested that somatic coliphage isolation should be 

performed using E. coli strain ATCC 13706 as a host, rather than strain MG1655  K12 and its derivatives, 

due to its high sensitivity to phage infection (Rajala-Mustonen and Heinonen-Tanski, 1994; 

International Standardization Organization, 2000). Nevertheless, the relatively small number of 

isolated phages showed a large phylogenetic diversity with representatives of four novel phage 

species: vB_Eco_swan01, vB_Eco_mar001J1, vB_Eco_mar003J3 and vB_Eco_mar004NP2 and one 

known species: Escherichia virus APCEc01 (isolates: vB_Eco_mar005P1, vB_Eco_mar006P2, 

vB_Eco_mar007P3, vB_Eco_mar008P4 and vB_Eco_mar009P5) being identified. It is worth noting, 

that all five phage isolates obtained from the Great Yarmouth water sample differed only by a few 

SNPs, which may be attributed to the enrichment step of the isolation procedure leading to the 

amplification and subsequent re-isolation of the same phage. Moreover, the isolated phages belonged 

to three different phage genera: Hanrivervirus, Tequintavirus and Mosigvirus further emphasising the 

vast diversity of marine coliphages.  
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Although phylogenetic analyses were based on the identified core genes, which were further 

sub-selected using a GET_PHYLOMARKERS pipeline, the results obtained were in line with current ICTV 

taxonomic classification (Lefkowitz et al., 2018), confirming the validity of the approach. Moreover, 

phylogenetic analysis performed during this study shows that one of the relatives of phage 

vB_Eco_mar005P1 within the genera Mosigvirus is Escherichia phage RB69, which has been known to 

be unable to recombine with other members of Tevenvirinae such as Escherichia phage T4 (Russell, 

1967; Petrov et al., 2010). Recent research shows, that contrary to T4-like phages, which incorporate 

hydroxymethylcytosine (hmC) into their genomic DNA followed by glucosyl-hmC modification (Wyatt 

and Cohen, 1953; Kutter and Wiberg, 1969), phage RB69 DNA contains arabinosyl-hmC (Thomas et 

al., 2018). This DNA modification is caused by a phage-encoded transferase, homologues of which 

have been found in other phages of the Mosigvirus genus (Thomas et al., 2018). As such, it is possible 

that phage vB_Eco_mar005P1 might also contain arabinosyl-hmC modifications in its genomic DNA. 

However, it is yet to be elucidated whether this modification is a staple of the Mosigvirus genus or 

only of these selected phage species within the genus. 

Proteomic analysis coupled with core gene analysis enabled the identification and annotation 

of multiple genes encoding structural proteins within all representative phage isolates. Due to the 

similarities between Hanrivervirus family phages: vB_Eco_swan01 and Escherichia phage SECphi27 

(Section 3.3.2) it was possible to annotate orthologues of SWAN_00017 (tail length tape-measure 

protein), SWAN_00019 (major tail protein) and SWAN_00025 (putative major capsid protein) in phage 

SECphi27 based on the proteomic analysis of the former. Moreover, the proteomic analysis resulted 

in the discovery of an ADP-ribosyltransferase (MAR005P1_00076) packed within the 

vB_Eco_mar005P1 capsid. This protein is a part of the Mosigvirus family core genome and possibly 

shares an early transcription regulation function with the ADP-ribosyltransferase encoded by 

Escherichia phage T4 (Wilkens et al., 1997). Finally, proteomic analysis of phage vB_Eco_mar003J3 led 

to the confirmation of a putative tail fibre gene (MAR003J3_00081). An orthologue of this gene, ltfA, 

can be found in Salmonella phage DT57C and Enterobacter phage DT571/2 (Golomidova et al., 2016), 

members of the Tequintaviridae family to which vB_Eco_mar003J3 also belongs. Genes ltfA together 

with ltfB encode L-shaped tail fibres that are necessary for the recognition of the O-antigen types; this 

two-gene system for expressing L-shaped tail fibres stands in contrast to phage T5, where tail fibres 

are a product of a single ltf gene (Nobrega et al., 2018). As the vB_Eco_mar003J3 genome contains 

orthologues for both ltfA and ltfB, it is suggested that the phage uses both gene products for the 

expression of its tail fibres. Moreover, phage vB_Eco_mar004NP2, which also belongs to 

Tequintaviridae, contains only an orthologue of the ltfB gene (MAR004NP2_00162) but not of ltf. 

More detailed analysis of the vB_Eco_mar004NP2 genome resulted in the discovery of two 
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hypothetical proteins upstream of MAR004NP2_00162, one of which might encode a protein that will 

form a fully functional tail fibre with the product of the MAR004NP2_00162 gene. Those differences 

might contribute to the variability in host ranges of vB_Eco_mar003J3 and vB_Eco_mar004NP2. 

Finally, the necessity of O-antigen for the attachment of vB_Eco_mar003J3 and vB_Eco_004NP2 could 

be tested using E. coli MG1655 strain with deleted O-antigen gene cluster. 

Analysis of infection parameters of closely related phages vB_Eco_swan01 and 

vB_Eco_mar001J1 (genus Hanrivervirus) showed similar assembly rates of plaque forming particles in 

Escherichia coli MG1655 cells infected by these phages (Section 3.3.5). As both phages have 9 min 

long eclipse phases, the higher burst size of vB_Eco_swan01 could be explained by a longer latent 

phase ending with cell lysis, and controlled by holin-endolysin lysis (Young et al., 2000). Although the 

protein sequences of the putative holin gene products in vB_Eco_swan01 (SWAN_00075) and 

vB_Eco_mar001J1 (MAR001J1_00057) are identical, the nucleotide sequences upstream of each gene 

differ, which might result in different holin inhibitors being produced (Young et al., 2000), thus 

impacting holin complex formation and as a result the duration of the latency phase. Burst sizes of 

phages vB_Eco_mar003J3 (76 pfu/cell) and vB_Eco_mar004NP2 (193 pfu/cell), when compared 

against burst sizes of other Tequintaviridae such as phage chee24 (44 pfu/cell) and T5 (77 pfu/cell) 

show considerable variation within the genus (Sváb et al., 2018). Finally, a 31 pfu/cell burst size of 

phage vB_Eco_mar005P1 is similar to phage RB69 (31 pfu/cell), but is noticeably smaller than the 

burst size of the representative phage for Escherichia virus APCEc01 species: Escherichia phage 

APCEc01 (96 pfu/cell) (Dalmasso et al., 2016). In this case more analyses using standardized testing 

conditions (host, temperature) would be required to compare infection parameters between the 

aforementioned phages. 

Coliphage transduction experiments were inconclusive. The experimental conditions in which 

Ca2+ ions were chelated using sodium citrate (Thomason et al., 2007) to reduce the capability of 

phages to bind to cell surface receptors failed to reduce the virulence of the tested phages. As such, 

even with the MOI as low as 0.001, one hour of incubation at 37°C was enough for the tested phages 

to undergo multiple rounds of cell lysis followed by the infection of yet uninfected host cells. This 

resulted in complete lysis of the bacterial lawn that was observed on LBA-kan and control LBA plates, 

and superinfection and death of any putative transductants (Waddell et al., 2009). To determine the 

transduction capability of isolated lytic phages, a different approach would be necessary. The 

experiment could be repeated using phage antiserum (Waddell et al., 2009) instead of sodium citrate, 

to stop the released phage particles from re-infecting surrounding cells and killing any potential 

transductants.  
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4.1 Introduction 

 

4.1.1 Vibrios and known Vibrio phages 

Vibrios are one of the most abundant and ubiquitous taxa found within the marine environment 

(Wang et al., 2011; Hatosy and Martiny, 2015). Some of the Vibrios such as V. cholerae, V. 

parahaemolyticus and V. vulnificus are clinically relevant human pathogens (Kokashvili et al., 2015), 

whereas others, such as V. parahaemolyticus, V. coralliilyticus, V. alginolyticus or V. harveyi are 

recognized as important aquaculture pathogens (Gomez-Gil et al., 1998; Thompson et al., 2004; 

Pruzzo et al., 2005; Kokashvili et al., 2015; Weynberg et al., 2016). Some of the phages that predate 

on Vibrios are directly responsible for pathogenicity of their bacterial hosts. For example, production 

of cholera enterotoxin by Vibrio cholerae is a direct result of phage CTXϕ lysogeny (Clemens et al., 

2017), whereas phage VHML is suggested to be responsible for toxigenic conversion of Vibrio harveyi 

(Oakey and Owens, 2000; Oakey et al., 2002). Prophages have been also implied to be responsible for 

toxigenic conversion of V. coralliilyticus and V. anguillarum strains (Weynberg et al., 2016; Castillo et 

al., 2017). 

 

4.1.2 Transduction in Vibrio cholerae 

Vibriophages can also be responsible for transduction and transfer of the genes between different 

Vibrios. Experiments performed on V. cholerae showed that UV-induced prophage, CP-T1, can be 

isolated and subsequently used for general transduction of resistance genes between different V. 

cholerae strains, with transduction rates ~10-8 transductants/PFU (Ogg et al., 1981). A follow up 

experiment confirmed those finding with an additional observation, that phage CP-T1 transduces 

CTXϕ preferentially over other chromosomal markers (Boyd and Waldor, 1999). Another experiment 

showed that V. cholerae filamentous phage VGJϕ (Campos et al., 2003b) can mediate specialised 

transduction of the CTXϕ prophage or RS1 satellite prophage between V. cholerae strains (Campos et 

al., 2003a). The site-specific co-integration of VGJϕ and CTXϕ genomes in the V. cholerae chromosome 

can lead to the production of VGJϕ/CTXϕ or VGJϕ/RS1 hybrid ssDNA molecules. These hybrids are 

then packaged into the VGJϕ capsid and can infect other V. cholerae via the VGJϕ receptor: mannose-

sensitive hemagglutinin (MSHA) pilus (Campos et al., 2003b), leading to the transduction of CTXϕ or 

RS1 genome and toxigenic conversion of the new host (Campos et al., 2003a). 
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4.1.3 Transduction in other Vibrios 

Generalized transducing phages infecting other Vibrios have been also previously described. For 

example, phage rp-1 lysate obtained by infecting Vibrio fischerii strain MJ-1 was used to transduce MJ-

1 auxotrophic mutants and reverse them to wild type (Levisohn et al., 1987). In a separate experiment, 

four Vibrio harveyi phages were isolated (Thiyagarajan et al., 2011) and their transduction efficiency 

analysed. Three Siphoviridae phages (ϕVh1, ϕVh2, ϕVh4) and one Podoviridae (ϕVh3) could transduce 

chromosomal markers at low frequencies of 4.1x10-7 to 2x10-9 transductants/PFU (Thiyagarajan et al., 

2011). 

 

4.1.4 Aims 

Although phage transduction within the Vibrio genus has been observed (Section 4.1.2, Section 4.1.3), 

only a small number of experiments have been performed and research has mostly focused on 

transduction of the cholera toxin gene or CTXϕ phage in V. cholerae (Boyd and Waldor, 1999; Campos 

et al., 2003a, 2003b). However, there remains a vast diversity of known Vibrio phages (Section 1.11), 

including the recently discovered family of Autolykiviridae (Kauffman et al., 2018), for which 

transduction has never been investigated. Furthermore, yet undiscovered phages will also require 

their transduction capability to be investigated. As such, the aim of this chapter was to determine the 

diversity and efficiency of transduction of marine Vibrio phages to develop model systems for the 

investigation of transduction across the Vibrio genus. 

 

To achieve this aim, the following objectives were undertaken: 

1. Isolate a range of Vibrio host bacteria from marine water samples 

2. Isolate vibriophages from environmental marine water samples 

3. Perform genomic and phylogenetic analysis of the isolates 

4. Determine phage morphology, protein composition and infection parameters 

5. Determine the encapsidation rate of host DNA by phages as a proxy for transduction rates 

 

 

 

 

 



 94 

4.2 Methods 

 

4.2.1 Isolation and identification of Vibrios from environmental water samples 

Isolation of Vibrios from environmental marine water samples was performed by plating 10 µL and/or 

100 µL of water sample on TCBS agar plates (Section 2.1.3) and incubation at 28°C for 24-48 h. TCBS 

(Thiosulfate-Citrate-Bile salts-Sucrose) agar is both selective and differential medium used for the 

isolation of Vibrio spp. Sodium thiosulfate and sodium citrate inhibits the growth of 

Enterobacteriaceae, while bile salts inhibit the growth of Gram-positive bacteria. Sodium thiosulfate 

combined with ferric citrate present in medium enables the detection of hydrogen sulfite production, 

whereas sucrose acts as the carbohydrate source for Vibrio spp. metabolism. Finally, alkaline pH 

inhibits growth of some bacteria while increasing the recovery rate of Vibrio spp. Addition of thymol 

blue and bromothyl blue helps with recognition of sucrose fermenters (Pfeffer and Oliver, 2003).  

Single colonies were picked, re-streaked on TCBS agar plates and incubated overnight at 28°C. 

A second round of colony purification was performed on HiCrome Vibrio Agar (Section 2.1.3) plates to 

ensure that only a single clone was present in the sample based on colony colour and morphology. 

Isolates were finally streaked on MA plates (Section 2.1.3), incubated overnight at 28°C and stored at 

4°C. 

Overnight cultures of putative Vibrio isolates (Section 2.2.1) underwent DNA extraction 

(Section 2.4.1) followed by whole genome sequencing using Illumina MiSeq and genome assembly 

(Section 2.4.10). Assembled genomes were subsequently analysed with Kraken v.0.10.5 (Wood and 

Salzberg, 2014) using MiniKraken (8 Dec 2014) database (constructed with kraken-build and `--db 

minikraken_20141208 --standard –minimizer-len 13 --max-db-size 4 --threads 16` options) for 

preliminary determination of the isolates’ genera.  

 Phylogenetic analysis was based on the sequence of the gyrA gene encoding DNA gyrase 

subunit A, extracted from the Vibrio parahaemolyticus RIMD 2210633 reference strain (NCBI, 2020a). 

Subsequently, gyrA sequences were extracted from all isolates’ genome assemblies and selected: 

reference, representative, and laboratory strain sequences using USEARCH v.10.0.240 (Edgar, 2010) 

with `--maxhits 1 --id 0.7 --strand both --matched` options. Obtained sequences were aligned with 

mafft v7.271 (Katoh and Standley, 2013) and used to construct a phylogenetic tree with IQ-TREE 

v.1.6.3 (Nguyen et al., 2015) using `--bb 1000` option. Complete list of parameters used and their 

descriptions can be found in the supplementary materials (Appendix 2). 
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4.2.2 Vibrio phage isolation 

Vibrio phages were isolated using available Vibrio strains (Section 2.1.1) and environmental Vibrio 

isolates (Section 4.2.1, Section 4.3.1) as hosts via a simple plaque assay method. Prior to the assay, 

unfiltered seawater samples were mixed 1:1 with MB (Section 2.1.3) and incubated overnight at 28°C 

to enrich for environmental bacteria and their phages. Subsequently, samples were filtered through a 

0.22µm pore size filter (Sarstedt), followed by standard plaque assay (Van Twest and Kropinski, 2009) 

using soft MA (Section 2.1.3), incubated at 28°C overnight and checked for the presence of plaques. 

Phage plaques were resuspended in SM buffer (Section 2.1.3) using a 1 mL pipette tip, disrupted by 

vortexing and filtered using a 0.22µm pore size filter to remove bacterial cells. Three additional rounds 

of purification were performed to obtain clonal isolates.  

 

4.2.3 Sequencing of isolated Vibrio phages 

High titre lysates were obtained for all isolated phages (Section 2.3.7), DNA was extracted (Section 

2.4.2), sequenced using Illumina MiSeq, assembled and annotated as previously described (Section 

2.4.10).  

 

4.2.4 Long read sequencing and analysis of selected Vibrio genomes 

Overnight cultures of selected Vibrio strains were prepared (Section 2.2.1), their DNA isolated (Section 

2.4.1) and sequenced using both an Illumina MiSeq (Section 2.4.10) and Oxford Nanopore MinION 

(Section 2.4.11). Obtained short and long reads were cross-assembled using Unicycler v.0.4.5 (Wick et 

al., 2017) with default options. Assemblies were visualised using Bandage v.0.8.1 (Wick et al., 2015). 

Assembled genomes were analysed using PHASTER API (Arndt et al., 2016) for the presence of 

prophage sequences. Resulting prophage sequences were aligned back to their respective genomes 

using Blastn (NCBI, 2020b) to determine the completeness of the bacterial genome assembly. 

Assembled phage contigs (Section 4.2.3) were aligned with their host of isolation using Blastn (NCBI, 

2020b) to determine whether they might have contained induced prophages. 

 

4.2.5 Phage comparative genomics and phylogenetic analysis 

A MASH analysis was performed as described previously (Section 3.2.2), using a more recent (Jan 

2020) MASH database constructed from all phage genomes (Millard, 2019) available at the time of 

analysis. Closely related phages were compared using nucmer (Kurtz et al., 2004) with ‘--maxgap=500 

--mincluster=100’ options, and SNPs were searched for using ‘show-snps’ option. Phylogenetic 



 96 

analysis was performed based on the amino acid sequences of selected phage proteins. Protein 

sequences were extracted and compared against the most recent (6 Jan 2020) local database 

containing the protein sequences from all phages (Millard, 2019) using USEARCH v.10.0.240 (Edgar, 

2010) with `-evalue 1e-5` option or phmmer, a part of HMMER v3.1b2 (HMMER, 2015), with default 

options. All resulting amino acid sequences were aligned using mafft v7.271 (Katoh and Standley 2013) 

and a phylogenetic analysis undertaken using IQ-TREE v.1.6.3 (Nguyen et al. 2015) using `--bb 1000` 

option, with models of evolution selected using modeltest (Posada and Crandall, 1998). Trees were 

visualised using ITOL (Letunic and Bork, 2007). ANI was determined using Kostas lab online ANI 

calculator (Kostas, 2020). Complete list of parameters used and their descriptions can be found in the 

supplementary materials (Appendix 2). 

 

4.2.6 Phage characterisation: TEM, proteomics, growth characteristics and host range 

Selected Vibrio phages underwent host range analysis (Section 2.3.4), one-step experiments to 

determine their growth characteristics (Section 2.3.5), proteomics (Section 2.3.9) and TEM analysis 

(Section 2.3.10). Proteomics analysis was supplemented with Blastp (NCBI, 2020b) analysis of the 

detected proteins to find their orthologues in known phages.  

 

4.2.7 Frequency of encapsidation of host DNA using a qPCR approach 

Bacterial host DNA was extracted (Section 2.4.1). Phage DNA was extracted as previously described 

(Section 2.4.2), with a following modification: before adding phenol:chlorophorm:isoamyl alcohol to 

the phage lysate, it was spiked with a PCR product of a known size to a final concentration of 5 ng/µl. 

Subsequently, DNase and RNase (2U and 1U, respectively, incubated for 30 min at 37°C) treatment 

was performed to remove non-encapsidated nucleic acids including the control plasmid DNA. Samples 

underwent agarose gel electrophoresis (Section 2.4.7) to confirm degradation of the non-

encapsidated DNA.  

PCR (Section 2.4.5) was performed to determine the viability of qPCR primers SMq1 to SMq8 

(Appendix 1) on their target templates. Subsequently, the amplification efficiency was determined by 

performing qPCR reaction using Luna Universal qPCR Master Mix (NEB) with Stratagene Mx3005P 

QPCR System (Agilent Technologies). DNA samples underwent ten-fold serial dilutions (between 100 

and 10-6) and were used as templates for the qPCR reaction. Amplification efficiency was calculated 

according to the equation: E = 10-1/slope - 1 (Rasmussen, 2001). The number of phage and bacterial 

genomes were calculated by dividing the amount of genomic DNA added to the reaction mix by the 

molecular mass of the selected genome and multiplied by Avogadro’s number (Whelan et al., 2003). 
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Reaction mix components (Table 4-1) and the qPCR program (Table 4-2) used are shown in the Tables 

below. Two primer pairs (one pair for phage, one pair for host) were selected and used in the final 

qPCR reaction to determine the encapsidation rate of bacterial DNA within phage heads. 

 

Table 4-1 Quantitative PCR mix components.  

 

 

 

 

 

Table 4-2 Quantitative PCR thermocycler program. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Component 20µL reaction 
Luna Master Mix (2x) 10 µL 

Forward primer (10 µM) 0.5 µL 

Reverse primer (10 µM) 0.5 µL 

Template DNA 3 µL 

Water 6 µL 

Temperature step [°C] Time [sec] Cycles 
95 60 1 

95 15 

40 60 30 

Fluorescence measurement 
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4.3 Results 

 

4.3.1 Environmental Vibrio host isolation and identification 

Analysis of the water samples obtained from: Aberystwyth, Fistral and Whitstable resulted in the 

isolation and purification of 36 putative Vibrio spp., 12 from each sampling site (Table 4-3). Moreover, 

an additional 16 putative Vibrio spp. were obtained from: Puerto Morelos, Mexico (six strains), 

Jelitkowo, Poland (five strains), Norwich Estuary (five strains), Red Sea (one strain) water samples. 

 

Table 4-3 List of sampling sites and putative Vibrio isolates obtained from them.  

Sampling site Isolates Strains Species 
Aberystwyth 

(52°24'39.4"N 4°05'25.0"W) 
12 A1-A12 V. splendidus clade: all isolates 

Fistral Beach 

(50°24'58.9"N 5°05'58.6"W) 
12 F1-F12 V. splendidus clade: all isolates 

Whitstable 

(51°21'40.3"N 1°01'20.5"E) 
12 W1-W12 

V. splendidus clade: all isolates, except for 

V. kanaloae-toranzoniae sub-clade: isolates W3, W5 

Norwich Estuary 

(52°57'55.7"N 0°57'29.9"E) 
5 NE1-NE5 

Vibrio spp.: all isolates, except for 

Shewanella loihica: isolate NE1 

Puerto Morelos, 

Mexico 

(20°50'51.2"N 86°52'30.1"W) 

6 
MEX1-

MEX6 
n/d* 

Jelitkowo, Poland 

(54°25'29.9"N 18°36'02.3"E) 
5 J1-J5 n/d* 

Red Sea (2nd sample) 

(29°21'56.9"N 34°52'38.3"E) 
1 RS2 V. alginolyticus clade: isolate RS2 

*n/d – not determined; putative Vibrio isolates did not undergo sequencing 

Aberystwyth, Fistral, Whitstable, Norwich Estuary and Red Sea isolates underwent genome 

sequencing, followed by Kraken analysis of the assemblies. All the isolates with the exception of 

putative Vibrio sp. strain NE1 (Norwich Estuary water sample) belonged to the genus Vibrio. Isolate 

NE1, based on the Kraken results, colony morphology and orange colony colour when grown on MA 

(Section 2.1.3), was determined to be Shewanella loihica (Gao et al., 2006). Subsequent phylogenetic 

analysis of all Aberystwyth, Fistral, Whitstable and Red Sea isolates (with Norwich Estuary isolates’ 

assemblies being too fragmented to undergo phylogenetic analysis), based on the gyrA gene 

sequence, further confirmed that the isolates belonged to the genus Vibrio. All the isolates were 

assigned to major Vibrio clades (Figure 4-1): 32 strains belonged to Vibrio splendidus clade (Sawabe et 

al., 2013), with strains W3 and W5 being a part of Vibrio kanaloae-Vibrio toranzoniae sub-clade (Pérez-

Cataluña et al., 2016). Only one strain: Vibrio sp. strain RS2, was assigned to Vibrio alginolyticus clade 

(Sawabe et al., 2013)(Figure 4-1). 
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Figure 4-1 Phylogenetic analysis of Vibrio isolates using the nucleotide sequence of the DNA gyrase subunit 

A, based on the GTR+F+R4 model of evolution with 1000 bootstrap replicates (Section 4.2.1). Selected 

representative strains (Section 2.1.1) sequenced during this analysis are indicated in bold; environmental 

isolates are marked with a blue colour. Major Vibrio clades and sub-clades are marked with a colour strip: V. 

alginolyticus (yellow), V. vulnificus (orange), V. cholerae (red), V. harveyi (green) with V. parahaemolyticus 

sub-clade (dark green), V. splendidus (blue) with V. kanaloae-V. toranzoniae sub clade (light blue). Shewanella 

frigidimarina NCIMB 400 was used as an outgroup. Filled circles denote bootstrap values >70%; size is 

proportional to the bootstrap value. Branch lengths indicate the number of substitutions per site.  
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4.3.2 Results of Vibrio phage isolation 

A total of 59 phages were isolated and purified using the water samples obtained from: North Sea, 

Essex (five phages), English Channel, Dover (four phages), Persian Gulf, Kuwait (four phages), Adriatic 

Sea (four phages), Mexico, Puerto Morelos (six phages) and Red Sea: four phages from the first 

sampling site and 32 from the second sampling site (Table 4-4). Although the water samples were 

tested on all the available Vibrio hosts, plaques were detected only on: Vibrio alginolyticus FR, Vibrio 

alginolyticus L2, Vibrio parahaemolyticus L3, Vibrio parahaemolyticus L4 and Vibrio parahaemolyticus 

(NCIMB). During the phage purification step, the single isolate obtained on Vibrio parahaemolyticus 

L3, vB_VpaM_sm033, was determined as vulnerable to chloroform. The results are summarised in the 

Table below (Table 4-4). A complete summary including phage isolate names is available in 

supplementary materials (Appendix 5). 

 

Table 4-4 Water samples and phages isolated. 

Water sample Host Number of phage isolates 
Adriatic Sea 

(45°13'12.7"N 13°35'38.7"E) 
V. alginolyticus FR 4 

Dover 

(51°07'20.8"N 1°18'58.4"E) 
V. alginolyticus FR 4 

Essex 

(51°47'13.1"N 1°09'21.6"E) 
V. alginolyticus FR 5 

Kuwait 

(29°23'09.7"N 47°42'53.9"E) 
V. alginolyticus FR 4 

Mexico 
(20°50'51.2"N 86°52'30.1"W) 

V. alginolyticus FR 5 

V. parahaemolyticus L3 1 

Red Sea (1st sample) 

(28°01'24.9"N 34°37'29.7"E) 
V. alginolyticus FR 4 

Red Sea (2nd sample) 

(29°21'56.9"N 34°52'38.3"E) 

V. alginolyticus FR 10 

V. alginolyticus L2 1 

V. parahaemolyticus L4 18 

V. parahaemolyticus NCIMB 3 

 

 

4.3.3 Vibrio phage sequencing and genome assembly results 

Phage nucleic acid extraction from high titre lysates (Section 4.2.3) resulted in 55 phage lysate DNA 

samples being obtained, which subsequently underwent Illumina MiSeq sequencing. Phage genomes 

were assembled and three largest contigs from each assembly were analysed for the presence of 

putative phage genes. Out of 55 assemblies, only four contained a single contig: phage samples 
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vB_Vpa_sm030, vB_Vpa_sm031 and vB_Vpa_sm032 isolated on Vibrio parahaemolyticus (NCIMB) 

contained a single contig of 79.6 Kbp in size, whereas phage sample vB_Vpa_sm033 isolated on Vibrio 

parahaemolyticus L3 contained only a single 320 Kbp contig, indicating that the isolated phage might 

be a representative of jumbo phages (Section 1.2.2). Assembly of the remaining 51 phage lysate reads 

resulted in multiple contigs being reconstructed. 

Surprisingly, 34 out of 36 phage lysates (vB_Val_sm001 to vB_Val_sm010, vB_Val_sm0035, 

vB_Val_sm036 and vB_Val_038 to vB_Val_059) isolated on Vibrio alginolyticus FR (Section 2.1.1) 

contained a ~36 Kb long contig encoding multiple phage genes (Table 4-5). As the phages were isolated 

from different water samples, the results suggested the presence of an induced prophage being 

isolated and sequenced multiple times. Moreover, each sample contained multiple smaller (<17 kB) 

contigs (Table 4-5), that also comprised phage genes such as zot, encoding the zonula occludens toxin. 

The Zot gene is known to be a hallmark of filamentous phages belonging to the Inoviridae family, such 

as Vibrio cholerae phage CTXϕ, and is necessary for their morphogenesis. This suggested the presence 

of more than one phage in each lysate. TEM analysis confirmed the presence of icosahedral and 

filamentous phages in the samples (Figure 4-2). 

 

Table 4-5 Genome assembly results for Vibrio alginolyticus FR phage isolates. The lengths (in bp) of 

the three largest contigs are shown for each phage isolate. 

Phage sample Contig 1 Contig 2 Contig 3 Phage sample Contig 1 Contig 2 Contig 3 
vB_Val_sm001 36559 1568 727 vB_Val_sm042 36561 11096 518 

vB_Val_sm002 36675 4285 1961 vB_Val_sm043 36557 5256 1383 

vB_Val_sm003 36511 10122 2894 vB_Val_sm044 36557 5573 1692 

vB_Val_sm004 36563 3425 2189 vB_Val_sm045 36524 2296 2257 

vB_Val_sm005 36511 3807 2699 vB_Val_sm046 36677 12105 2268 

vB_Val_sm006 36549 1179 517 vB_Val_sm047 36675 2340 2121 

vB_Val_sm007 36677 17114 2228 vB_Val_sm048 36561 12105 331 

vB_Val_sm008 36675 9778 3795 vB_Val_sm049 36679 11989 11271 

vB_Val_sm009 36679 3164 1872 vB_Val_sm050 36675 6274 425 

vB_Val_sm010 36679 14639 3239 vB_Val_sm051 36531 1490 1169 

vB_Val_sm034 3605 2909 247 vB_Val_sm052 36571 11096 518 

vB_Val_sm035 36675 4504 1301 vB_Val_sm053 36479 12065 2757 

vB_Val_sm036 59154 42568 39500* vB_Val_sm054 36561 2141 2047 

vB_Val_sm037 3032 1370 1265 vB_Val_sm055 36557 7369 1046 

vB_Val_sm038 36531 2575 2189 vB_Val_sm056 36675 3480 2914 

vB_Val_sm039 10014 7417 4769 vB_Val_sm057 36556 10965 901 

vB_Val_sm040 35863 1965 1591 vB_Val_sm058 36677 5650 394 

vB_Val_sm041 36674 2497 2240 vB_Val_sm059 36677 9346 1002 

*vB_Val_sm036: sample was contaminated with bacterial DNA; 3rd contig contained phage genes 



 102 

 

 

The remaining phage samples: vB_Vpa_sm013 to vB_Vpa_sm016 and vB_vPa_sm019 to 

vB_vPa_sm029, isolated on Vibrio parahaemolyticus L4, contained contigs between 0.6 kb to 7.4 kb in 

size. Gene annotation resulted in the discovery of the zot genes encoding the zonula occludens toxin, 

again suggesting the presence of filamentous phages from the Inoviridae family in the samples. 

Assembly results are summarised in the Table below (Table 4-6). TEM analysis confirmed the high 

abundance of filamentous phages in the samples (Figure 4-3). 

 

Table 4-6 Genome assembly results for Vibrio parahaemolyticus L4 phage isolates. The lengths (in bp) 

of the three largest contigs are shown for each phage isolate. 

Phage sample Contig 1 Contig 2 Contig 3 Phage sample Contig 1 Contig 2 Contig 3 
vB_Vpa_sm013 3479 3093 1591 vB_Vpa_sm023 2843 2288 1578 

vB_Vpa_sm014 3093 2834 2479 vB_Vpa_sm024 2634 2096 1206 

vB_Vpa_sm015 5088 1578 1574 vB_Vpa_sm025 3938 3284 1548 

vB_Vpa_sm016 1514 692 633 vB_Vpa_sm026 3809 2479 1790 

vB_Vpa_sm019 5430 1758 618 vB_Vpa_sm027 2140 1745 1432 

vB_Vpa_sm020 3989 3430 1340 vB_Vpa_sm028 1554 1504 1231 

vB_Vpa_sm021 4708 3093 2919 vB_Vpa_sm029 7410 2096 1524 

vB_Vpa_sm022 2793 1795 1659 vB_Vpa_sm025 3938 3284 1548 

Figure 4-2 TEM analysis of the vB_Val_sm007 phage lysate. Visible are two phage 

capsids ~30 nm in size and a fragment of a filamentous phage. 
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4.3.4 MinION sequencing of Vibrio alginolyticus FR and Vibrio parahaemolyticus L4 

To determine if the observed filamentous phages were indeed prophages that were induced during 

lytic phage infection the genomes of Vibrio alginolyticus FR and Vibrio parahaemolyticus L4 were 

sequenced. This was done with both Illumina MiSeq (short-reads) and MinION (long-reads), with reads 

being co-assembled using Unicycler (Section 4.2.4) in an attempt to obtain closed genomes allowing 

the identification of putative prophages. 

 

4.3.4.1 Vibrio alginolyticus FR: genome assembly, phage and prophage analysis 

Vibrio alginolyticus FR genome was assembled and two chromosomes were reconstructed: 3.3Mbp 

chromosome I (coverage: 40.4x) and 1.8Mbp chromosome II (coverage: 36.4x) (Figure 4-4). PHASTER 

analysis (Section 4.2.4) detected three prophage regions of 36.6 Kb (FR_prophage_1), 8.9 Kb 

(FR_prophage_2) and 8.5 Kb (FR_prophage_3) in length (Figure 4-4). MASH comparison (Section 4.2.5) 

Figure 4-3 TEM analysis of the vB_Vpa_sm022 phage lysate. Visible are filamentous phages, with 

an average length of 2000 nm. 
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of prophage nucleotide sequences against all identified Vibrio prophage sequences (Section 5.2.1, 

Section 5.3.1) was performed. This indicated that prophages similar (>95% MASH identity) to 

prophage_1 were present in 22 other Vibrio spp., including identical prophages present in three V. 

alginolyticus strains (NCBI sample ID: SAMEA4384071, SAMN03996330 and SAMD00041824). 

Prophages similar (>95% MASH identity) to Inoviridae FR_prophage_2 were detected in 92 Vibrio 

strains, with sequences present in V. alginolyticus SAMEA4384071, SAMN03996338 and 

SAMN02603463 showing >99% similarity and differing from the FR_prophage_2 sequence by only a 

few SNPs. Finally, prophages similar to FR_prophage_3 (>95% MASH identity) were detected in 88 

Vibrios, with prophages present in two V. alginolyticus strains (SAMEA4384071 and SAMN02603463) 

having identical sequences with FR_prophage_3. Finally, Inoviridae prophages similar to 

FR_prophage_2 and FR_prophage_3 were also present in multiple V. parahaemolyticus strains (for 

example: SAMN08965128 and SAMN08965153). 

Blastn alignment of the reconstructed ~36 kb phage contigs from isolates: vB_Val_sm001 to 

vB_Val_sm010, vB_Val_sm0035, vB_Val_sm036 and vB_Val_038 to vB_Val_059 (Section 4.3.3) with 

the Vibrio alginolyticus FR genome was performed to determine whether lysates contained induced 

prophages. This resulted in all reconstructed phage contigs showing >99% identity over >99% 

sequence with the 36.6 Kb FR_prophage_1 region. This confirmed that induced FR_prophage_1 

particles were present in 34 of 36 sequenced phage lysates (Section 4.3.3, Table 4-5). Furthermore, 

Blastn alignment of the remaining putative Inoviridae short contigs containing zot genes (Section 

4.3.3) resulted in hits of >98% identity with 8.9 Kb FR_prophage_2 and 8.6 Kb FR_prophage_3 

sequences. This resulted in all the remaining (smaller than 36 Kb) reconstructed contigs from samples: 

vB_Val_sm001 to vB_Val_sm010 and vB_Val_34 to vB_Val_59 (Section 4.3.3) being aligned with the 

Vibrio algonolyticus FR genome. Thus, phage samples vB_Val_sm001 to vB_Val_sm010 and vB_Val_34 

to vB_Val_59 were disregarded from further analyses, as sequencing of phage lysates followed by 

their assembly resulted only in the recovery of induced prophage sequences.   
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4.3.4.2 Vibrio parahaemolyticus L4: genome assembly, phage and prophage analysis 

Vibrio parahaemolyticus L4 assembly resulted in the reconstruction of a 3.2 Mbp fragment of 

chromosome I (coverage: 21.4x), 1.75 Mbp fragment of chromosome II (coverage: 19.0x) and two 

putative plasmids: plasmid_1 of 75 Kbp (coverage: 64.9x) and plasmid_2 of 49 Kbp (coverage: 664.2x) 

in length. However, neither of the chromosomes were complete, with the assembler failing to resolve 

repetitive and putative prophage regions, as evidenced by the assembly graph (Figure 4-5). Moreover, 

PHASTER analysis (Section 4.2.4) resulted in the detection of two prophage regions: L4_prophage_1, 

a 15.1 Kb putative Inoviridae prophage on plasmid_2 and L4_prophage_2, a 4.6 Kb putative Inoviridae 

prophage that caused the mis-assembly of chromosome II. Blastn analysis of the L4_prophage_1 

genomic sequence against Vibrio parahaemolyticus L4 bacterial genome reconstructed contigs 

resulted in the discovery of multiple 100% identity alignments both on plasmid_2 (the original 

prophage sequence detected by PHASTER). Moreover, 100% identity hits were also detected within 

the unresolved part of chromosome I assembly, as marked with the blue colour on the assembly graph 

(Figure 4-5). Furthermore, the relative coverage of these fragments was 3-7x higher than that of 

chromosome I, indicating the presence of multiple copies of this region in the sequenced bacterial 

genomic DNA sample. This again suggested the presence of an inducible prophage. Finally, the 15.1 

Kb length of L4_prophage_1 is almost twice the size of a typical Inoviridae genome (ICTV 2012) further 

suggesting the mis-assembly of this region or the presence of tandemly integrated prophage. As such, 

it was elucidated that the bacterial genome assembly did not fully resolve any of the putative 

Figure 4-4 Visualisation of the Vibrio alginolyticus FR genome assembly graph. Both chromosomes: 3.3 

Mbp and 1.8 Mbp were reconstructed. Three prophages: prophage_1 of 36.3 Kb, prophage_2 of 8.9 

Kb and prophage_3 of 8.5 Kb in length, as detected by PHASTER API, were marked on their respective 

chromosomes. Visualised using Bandage v.0.8.1 (Wick et al. 2015). 
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prophage sequences. Finally, Blastn alignments of all the reconstructed contigs from phage samples: 

vB_Vpa_sm013 to vB_Vpa_sm016 and vB_vPa_sm019 to vB_vPa_sm029 (Section 4.3.3) against Vibrio 

parahaemolyticus L4 genome assembly resulted in >99% identity hits. As such, phage samples 

vB_Vpa_sm013 to vB_Vpa_sm016 and vB_vPa_sm019 to vB_vPa_sm029 were excluded from further 

analyses. 

 

 

4.3.5 Comparative genomics and phylogenetic analysis of isolated phages 

After removing samples that contained induced prophages only four phage isolates remained. These 

were: vB_VpaM_sm033 (isolated on Vibrio parahaemolyticus L3), vB_VpaS_sm030, vB_VpaS_sm031 

and vB_VpaS_sm032 (isolated on Vibrio parahaemolyticus NCIMB). Phage vB_VpaM_sm033 was 

320,253 bp long and contained 309 CDS, of which 45 encoded known proteins and 264 hypothetical 

proteins (Appendix 6). Phages vB_VpaS_sm030, vB_VpaS_sm031 and vB_VpaS_sm032 genomes were 

79,660 bp long and contained 111 CDS, of which 94 encoded hypothetical proteins and only 17 for 

known proteins (Appendix 6). Nucmer analysis (Section 4.2.5) showed that phages vB_VpaS_sm030 

and vB_VpaS_sm032 were identical and phage vB_VpaS_sm031 differed from them by one SNP. As 

75,325 bp 

3,187,233 bp 

1,754,205 bp 

plasmid 1 

plasmid 2 
49,190 bp 

Figure 4-5 Visualisation of Vibrio parahaemolyticus L4 genome assembly graph. Partially reconstructed 

chromosomes: 3.2 Mbp and 1.8 Mbp in addition to two reconstructed plasmids of 75 Kbp and 49 Kbp are 

visible. Results of Blastn alignment (100% identity) of PHASTER detected prophages: prophage_1 (blue) and 

prophage_2 (green) and coverage for both chromosomes and 100% identity hits are shown. Visualised using 

Bandage v.0.8.1 (Wick et al. 2015). 
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 1x coverage 
 3x coverage 

 7x coverage 
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such, phage vB_VpaS_sm030 was selected as a representative of the three isolates for all subsequent 

analyses. Phage genomic properties were summarised in the Table below (Table 4-7). 

 

Table 4-7 Genomic properties of isolated Vibrio phages.  

Phage 
Genome size 

[bp] 
Genes CDS tRNAs 

Known 
proteins 

Hypothetical 
proteins 

vB_VpaM_sm033 320253 309 309 0 45 264 

vB_VpaS_sm030 79660 111 111 0 17 94 

vB_VpaS_sm031 79660 111 111 0 17 94 

vB_VpaS_sm032 79660 111 111 0 17 94 

 

 

4.3.5.1 Phage vB_VpaM_sm033 phylogenetic analysis 

MASH distance analysis of phage vB_Vpa_sm033 resulted in the discovery of two related phages 

(>70% MASH similarity) based on their nucleotide sequence: Vibrio phage BONAISHI (acc: MH595538) 

and Pseudomonas phage vB_PaeP_MAG4 (acc: KR052142). Comparison of the genomes showed that 

BONAISHI is another representative of jumbo phages, with a 294 Kbp long genome, whereas the 

vB_PaeP_MAG4 genome was only 74 Kbp long, thus was disregarded from further analysis. Due to the 

lack of similarities between vB_Vpa_sm033 and other phage genomes at the nucleotide level, protein 

sequence analysis was undertaken. Comparison of vB_Vpa_sm033 phage amino acid sequences of the 

terminase large subunit TerL, and major capsid protein MCP, with all phage protein sequences 

(Section 4.2.5) resulted in the discovery of 58 and 55 similar protein sequences, respectively. 

Phylogenies were constructed based on TerL (Figure 4-6) and MCP (Figure 4-7) to determine the 

phylogenetic relationship between vB_Vpa_sm033 and its relatives. Phylogenetic analysis based on 

either of the genes confirmed that the closest relative of phage vB_Vpa_sm033 was Vibrio phage 

BONAISHI, and together with four more Vibrio phages: vB_VmeM-Yong XC32 (acc: MK308675), 

vB_VmeM-Yong XC31 (acc: MK308674), vB_VmeM-Yong MS32 (acc: MK308677) and vB_VmeM-Yong 

MS31 (acc: MK308676) formed a separate clade of Vibrio phages (Figure 4-6, Figure 4-7). Although it 

was possible to establish the closest relatives of vB_Vpa_sm033 via a phylogenetics approach using 

selected gene sequences, ANI values could not be determined due to the very low similarity between 

phage nucleotide sequences.  

 



 108 

 

Figure 4-6 Phylogenetic analysis of Vibrio phage vB_VpaM_sm033 and its closest relatives using the 

amino acid sequence of the terminase large subunit TerL, based on the LG+R5 model of evolution with 

1000 bootstrap replicates (Section 4.2.5). Vibrio phage vB_VpaM_sm033 is marked in blue. Phage host 

genera were denoted with a coloured strip: Vibrio (purple), Pseudomonas (light blue), Salmonella 

(pink), Escherichia (blue) and Erwinia, Ralstonia and Serratia (red). Filled circles denote bootstrap 

values >70%, with the size of the circle proportional to the bootstrap value. 

 



 109 

 

Figure 4-7 Phylogenetic analysis of Vibrio phage vB_VpaM_sm033 and its closest relatives using the 

amino acid sequence of the major capsid protein MCP, based on the LG+F+R5 model of evolution with 

1000 bootstrap replicates (Section 4.2.5). Vibrio phage vB_VpaM_sm033 is marked in blue. Phage host 

genera are denoted with a coloured strip: Vibrio (purple), Pseudomonas (light blue), Salmonella (pink), 

Escherichia (blue) and Erwinia, Ralstonia and Serratia (red). Filled circles denote bootstrap values 

>70%, with size of the circle proportional the bootstrap value. 
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4.3.5.2 Phage vB_VpaS_sm030 phylogenetic analysis 

MASH distance analysis of Vibrio phage vB_VpaS_sm030 (Section 4.2.5) resulted in the discovery of 

two close relatives of vB_VpaS_sm030 with MASH similarity >95%: Vibrio phage ValSw4_1 (acc: 

MH925091) and Vibrio phage J14 (acc: KY022433), and two more distantly related phages, with MASH 

similarity >70%: Vibrio phage vB_VcaS_HC (acc: MK559459) and Prochlorococcus phage P-HM2 (acc: 

NC_015284). All Vibrio phages had genome sizes between 79 Kbp and 88 Kbp, whereas P-HM2 had a 

184 Kbp long genome and, as such, was excluded from further analysis. ANI between vB_VpaS_sm030 

and ValSw4_1 was 97.1%, which would indicate that they belong to the same species, whereas 

between vB_VpaS_sm030 and J14 was 94.3% suggesting that both phages are of the same genus. ANI 

between phages vB_VpaS_sm030 and vB_VcaS_HC could not be determined due to very low 

nucleotide sequence similarity. As a result, phylogenetic analysis was undertaken to further determine 

the relationship between vB_VpaS_sm030 and other phages. Similar to the vB_VspM_sm033 analysis 

(Section 4.3.5.1), the amino acid sequence of the terminase large subunit, TerL, was used for the 

phylogenetic analysis. A phylogeny comprising 100 phages was constructed (Figure 4-8), followed by 

Blastp alignment of TerL sequences. This confirmed that vB_VpaS_sm030 and ValSw4_1 TerL 

sequences were identical, and both phages belonged to the same species, with phage J14 belonging 

to the same clade and possibly same genus.  
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Figure 4-8 Phylogenetic analysis of Vibrio phage vB_VpaS_sm030 and its closest relatives using the 

amino acid sequence of the terminase large subunit, TerL, based on the LG+R4 model of evolution 

with 1000 bootstrap replicates (Section 4.2.5). Vibrio phage vB_VpaS_sm030 is marked in blue. Most 

abundant phage host genera are denoted with a coloured strip: Vibrio (purple), Gordonia (green), 

Pseudomonas (light blue), Streptomyces (aquamarine). Two collapsed nodes contain 26 phages each: 

Gordonia (green) and Streptomyces (aquamarine). Filled circles denote bootstrap values >70%, with 

the size of the circle proportional the bootstrap value. 

 

With only 24 Vibrio phages belonging to the order Caudovirales being classified by ICTV it was 

impossible to ascribe vB_VpaM_sm033 or vB_VpaS_sm030 to a known family, genus or species due 

to the lack of classified relatives.  
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4.3.6 Phage morphology 

TEM analysis of vB_VpaM_sm033 and vB_VpaS_sm030 phage isolates confirmed that both phages 

belong to the order Caudovirales. Phage vB_VpaM_sm033 had a polyhedral head (on average 128 nm 

in length and 116 nm wide), a contractile tail (on average 235 nm in length) and visible tail fibers, and 

as such, was classified as a member of the family Myoviridae (Figure 4-9). Phage vB_VpaS_sm030 had 

a polyhedral head (on average 75 nm in length and 72 nm wide) and a long non-contractile tail (on 

average 233 nm in length), which enabled to classify it as a member of the family Siphoviridae (Figure 

4-9). Phage morphological features are summarised in the Table below (Table 4-8). 

 

 

Table 4-8 Vibrio phage morphological properties: head dimensions (width, length), tail dimensions 

(length, width), phage taxonomy. Phage dimensions are an average of at least 10 individual phage 

particle measurements. 

Phage 
Head dimensions Tail dimensions 

Taxonomy 
Length (nm) Width (nm) Length (nm) Width (nm) 

vB_VpaM_sm033 128 ± 5 116 ± 2 235 ± 5 25 ± 3 Myoviridae 

vB_VpaS_sm030 75 ± 3 72 ± 3 233 ± 8 12 ± 2 Siphoviridae 

 

 

4.3.7 Phage infection characteristics 

Phage burst size and the duration of their latent period (and eclipse period for phage vB_VpS_sm030) 

were determined via one-step growth experiments (Section 4.2.6). The latent period of phage 

vB_VpaM_sm033 was 120 minutes, with a burst size of 5 pfu/cell. The eclipse period for this phage 

could not be determined due to its susceptibility to chloroform. As phage vB_VpaS_sm030 infected 

Vibrio strains belonging to two different species (Section 4.3.9), its infection parameters were 

A B 

Figure 4-9 Morphology of phage isolates vB_VpaM_sm033 (A) and vB_VpaS_sm030 (B). 
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determined for two hosts: the host of isolation Vibrio parahaemolyticus NCIMB1902, and Vibrio 

alginolyticus RS2. Phage eclipse phage on both hosts was 40 min long with a latency period of 80 min. 

Burst size varied from 6 pfu/cell on V. parahaemolyticus NCIMB to 50 pfu/cell on V. alginolyticus RS2. 

An example of the phage one-step experiment is shown below (Figure 4-10). Phage infection 

characteristics are summarised in Table 4-9. 

 

 

Table 4-9 Vibrio phage infection characteristics: burst size, eclipse period duration, latent period 

duration 

Phage Isolate Host 
Burst size 
(pfu/cell) 

Eclipse period 
(min) 

Latent 
period (min) 

vB_VpaM_sm033 V. parahaemolyticus L3 5 ± 1 n/d* 120 

vB_VpaS_sm030 
V. parahaemolyticus NCIMB 6 ± 1 40 80 

V. alginolyticus RS2 50 ± 15 40 80 

* could not be determined due to vB_VpaM_sm033 vulnerability to chloroform 

 

 

 

Figure 4-10 A representative one step growth experiment for phage vB_VpaS_sm030 infecting Vibrio 

alginolyticus RS2. Data points are an average of three biological replicates, with error bars 

representing standard deviation. Eclipse period: 40 min, latent period: 80 min, burst size ~47 pfu/cell. 
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4.3.8 Phage proteomics analysis 

Due to the limited ability to assign function to the majority of predicted genes, proteomic analysis was 

performed to identify structural and encapsulated proteins of phages vB_VpaM_sm033 and 

vB_VpaS_sm030. A total of 88 proteins were detected for phage vB_VpaM_sm033 (Appendix 6). 

Detected proteins were compared with the annotated phage genomic sequences, confirming the 

annotation of 20 structural proteins of phage vB_VpaM_sm033 and two encapsidated proteins: RNA 

polymerase beta (SM033_00165) and beta’ (SM033_00164) subunits (Table 4-10). The most abundant 

peptides detected in the analysis were: major capsid protein (SM033_00254) followed by tail sheath 

protein (SM033_00177) and three hypothetical proteins of unknown function (SM033_00301, 

SM033_00299, SM033_00243), likely structural proteins. Moreover, proteomic analysis confirmed the 

presence of a highly abundant putative membrane associated lipoprotein precursor (SM033_00088). 

Blastp analysis of the remaining 67 identified proteins of unknown function resulted in the discovery 

of two annotated putative orthologues in other phages (Table 4-10): SM033_00141 (putative tail 

protein), SM033_00231 (putative RNA polymerase beta subunit).  

 

Table 4-10 Confirmation of vB_VpaM_sm033 proteins with known function by proteomics analysis. 

Detected protein Annotation 
SM033_00001 surface protein 

SM033_00002 surface protein 

SM033_00003 surface protein 

SM033_00045 structural protein 

SM033_00088 membrane associated lipoprotein precursor 

SM033_00141 putative tail protein* 

SM033_00148 putative virion structural protein 

SM033_00163 putative murein lytic transglycosylase 

SM033_00164 putative virion-associated RNA polymerase beta' 

SM033_00165 putative RNA polymerase beta subunit 

SM033_00176 putative virion structural protein 

SM033_00177 tail sheath 

SM033_00178 virion structural protein 

SM033_00179 putative virion structural protein 

SM033_00182 putative virion structural protein 

SM033_00226 ATP-dependent Clp protease proteolytic subunit 

SM033_00231 putative RNA polymerase beta subunit** 

SM033_00236 putative virion structural protein 

SM033_00239 virion structural protein 

SM033_00249 virion structural protein 

SM033_00251 putative virion structural protein 
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SM033_00254 major capsid protein 

SM033_00293 HTH homing endonuclease 

SM033_00298 putative tail fiber 

*   Blastp analysis. Best hit: Vibrio phage BONAISHI. E-value: 2.00E-84 
** Blastp analysis. Best hit: Vibrio phage BONAISHI, E-value: 2.00E-145 

 

For phage vB_VpaS_sm030, proteomic analysis resulted in the detection of 20 proteins 

(Appendix 6), confirming the annotation of four structural proteins: SM030_00027 (tail length tape 

measure protein), SM030_00035 (capsid protein), SM030_00037 (putative structural protein) and 

SM030_00100 (capsid portal protein).  

 

 

4.3.9 Phage host range 

Phage host range was determined for all available Vibrio phages: vB_VpaM_sm033, vB_Vpas_sm030 

(Section 4.3.5), ViGO, BONAISHI, SiO2 (Section 2.1.2) and phages isolated from the marine 

environment parasiting on Paracoccus: VA1, CRO-S-1, RS2, RSI-3 (Section 2.1.2) and Ruegeria: VP1, 

PM1, MAL, phi2, phi8, phi110, phi13 (Section 2.1.2), to determine whether they can infect bacteria 

belonging to different class, as previously suggested for selected broad host-range phages (Malki et 

al., 2015). This was done using all the available (Section 2.1.1) and isolated (Section 4.3.1) Vibrios, for 

a total of 95 strains tested. Phages SiO2 and vB_VpaM_sm033 showed the broadest host range, being 

able to infect nine (9.5%) and seven (7.4%) of the tested strains, respectively. Both phages were able 

to infect strain SWAT-3 in addition to multiple V. parahaemolyticus strains. Phage SiO2 was also able 

to efficiently lyse V. owensii L20. Phages vB_VpaS_sm030 and vB_VpaS_sm031 were able to infect 

three (3.2%) strains each: two V. parahaemolyticus strains and V. alginolyticus strain RS2 (obtained 

from the same water sample both phages were isolated from), whereas phage BONAISHI could infect 

V. coralliilyticus YB-1, V. parahaemolyticus L2 and unclassified Vibrio sp. MEX6 for a total of three 

strains (3.2%). Finally, phage ViGO could only infect its strain of isolation, V. alginolyticus FR. 

Permissive hosts and phages that infect them are listed in Table 4-11 below; complete results of the 

host range analysis can be found in the supplementary materials (Appendix 7). 
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Table 4-11 Phage host range: permissive hosts and their phages. Green colour denotes infection. 
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Vibrionales bacterium SWAT-3       

V. coralliilyticus YB-1       

V. alginolyticus FR       

V. parahaemolyticus NCIMB       

V. parahaemolyticus L2       

V. parahaemolyticus L3       

V. parahaemolyticus L5       

V. parahaemolyticus L6       

V. parahaemolyticus L8       

V. parahaemolyticus L9       

V. parahaemolyticus L11       

V. parahaemolyticus L12       

V. parahaemolyticus L13       

V. parahaemolyticus L14       

V. owensii L20       

Vibrio sp. MEX6       

Vibrio sp. NE4       

V. alginolyticus RS2       

 

 

 

4.3.10 Encapsidation of V. parahaemolyticus NCIMB DNA by phage vB_VpaS_sm030 

 

4.3.10.1 Preparation of vB_VpaS_sm030 phage DNA 

To determine the encapsidation rate of host DNA by phage vB_VpaS_sm030, a fresh high titre lysate 

of vB_VpaS_sm030 was obtained on V. parahaemolyticus NCIMB followed by DNase and RNase 

treatment to remove non-encapsidated nucleic acids. Although agarose gel electrophoresis confirmed 

the removal of the non-encapsidated control DNA from the lysate (Figure 4-11), the negative control 

sample also showed the loss of spiked-in PCR product. However, a PCR product could be visualised on 

the gel (Figure 4-11, lane 3) and PCR product degradation by DNase and RNase resulted in the removal 

of this 829 bp fragment (Figure 4-11, lane 4). This suggested the presence of host-derived nucleases 
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in the phage lysate. To confirm this, an aliquot of phage lysate underwent 75°C incubation for 30 

minutes to inactivate any putative nucleases, followed by the addition of PCR product (1040 bp aac(3)-

IIa gibson insert) and overnight incubation at room temperature. Agarose gel electrophoresis of heat-

treated lysate confirmed the inactivation of host-derived nucleases (Figure 4-12) and the removal of 

non-encapsidated DNA including PCR product spike-in. 
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Figure 4-11 Removal of non-encapsidated nucleic acids 

from DNA-spiked vB_VpaS_sm030 lysate; failed negative 

control.  

1) spiked lysate + DNase and RNase;  

2) spiked lysate (negative control); 

3) PCR product spike-in (829bp ANT(3'')-IIa gibson insert); 

4) PCR product + DNase and RNase (positive control); 

M) 1 Kb Plus DNA Ladder (NEB). 

 

  1       2      3       4      M       

Figure 4-12 Confirmation of the presence of host 

nucleases shown by removal of non-encapsidated 

nucleic acids from DNA-spiked vB_VpaS_sm030 

lysate.  

1) spiked lysate + DNase and RNase; 

2) spiked lysate – DNase and RNase; 

3) spiked denatured lysate – DNase and RNase;  

4) PCR product spike-in (1040 bp aac(3)-IIa gibson 

insert); 

5) PCR product + DNase and RNase (positive 

control); 

M) 1 Kb Plus DNA Ladder (NEB). 

M      1       2       3        4        5       M       
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4.3.10.2 Determination of qPCR primers viability 

Primer pairs to be used for quantitative PCR (Appendix 1): SMq1+SMq2, SMq3+SMq4 (targeting phage 

vB_VpaS_sm030 terminase large subunit gene; single copy) and SMq5+SMq6, SMq7+SMq8 (targeting 

V. parahaemolyticus NCIMB chromosome-encoded β-lactamase gene; single copy) were tested on 

three vB_VpaS_sm030 phage DNA samples: 1) contaminated with isolation host DNA, 2) propagated 

on V. alginolyticus RS2, 3) propagated on V. parahaemolyticus NCIMB and on two Vibrio genomic DNA 

samples: V. alginolyticus RS2 and V. parahaemolyticus NCIMB. Agarose gel electrophoresis (Figure 

4-13) results confirmed the high specificity of the designed primer pairs against their intended targets. 

First two primer pairs (lanes A, B) resulted in ~100 bp products only when used on vB_VpaS_sm030 

phage DNA samples (lanes 1, 2, 5, 6, 9, 10). Similarly, the remaining two primer pairs (lanes C, D) 

resulted in a PCR product being amplified only when V. parahaemolyticus NCIMB genomic DNA (lanes 

3, 4, 19, 20) was present in the sample (Figure 4-13).  
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Figure 4-13 Viability of tested qPCR primers on vP_VpaS_sm030 phage DNA and V. parahaemolyticus 

NCIMB host DNA. Primer pairs used: A) SMq1+SMq2; B) SMq3+SMq4; C) Smq5+SMq6; D) SMq7+SMq8. 

DNA templates: 1-4) phage vB_VpaS_sm030 (contaminated with V. parahaemolyticus NCIMB host 

DNA); 5-8) phage vB_Vpas_sm030 (V. alginolyticus RS2 host); 9-12) phage vB_VpaS_sm030 (V. 

parahaemolyticus NCIMB host); 13-16) V. alginolyticus RS2 host; 17-20) V. parahaemolyticus NCIMB 

host. M) 100 bp DNA Ladder (NEB). Visible ~100bp products in lanes 1, 2, 3, 4, 5, 6, 9, 10, 19, 20. 

M  1    2     3    4    5     6    7    8    9    10  11  12  13  14  15  16  17  18  19  20  M 

      A   B     C    D    A    B   C    D    A    B    C     D   A    B    C     D   A    B    C    D   
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4.3.10.3 Determination of qPCR primer pair amplification efficiency 

Quantitative PCR was performed (Section 4.2.7) using primers pairs SMq1+SMq2 and SMq3+SMq4 on 

vB_VpaS_sm030 phage DNA (Section 4.3.10.1) and primer pairs SMq5+SMq6 and SMq7+SMq8 on V. 

parahaemolyticus NCIMB genomic DNA. Amplification using primer pair SMq3+SMq4 gave 

inconsistent CT results between biological replicates and as such was disregarded from further 

analysis. The remaining primer pairs had their amplification efficiencies determined (Table 4-12), with 

an example of an amplification plot (Figure 4-14) and resulting standard curve (Figure 4-15) for primer 

pair SMq5+SMq6 shown below. Based on similar amplification efficiencies (Table 4-12), primer pairs 

SMq1+SMq2 and SMq5+SMq6 were selected for the final qPCR run. 

 

 

Figure 4-14 Amplification plots for the primer pair SMq5+SMq6 on the V. parahaemolyticus NCIMB 

genomic DNA. Experiment was performed in triplicate, with the dilution factor for each triplet shown 

next to the amplification curve. All replicated are tightly clustered, with no aberrations between 

subsequent DNA dilutions. 

100 10-1 10-2 10-3 10-4 10-5 10-6 
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Figure 4-15 Standard curve for the primer pair SMq5+SMq6 on the V. parahaemolyticus NCIMB 

genomic DNA. The slope of the standard curve was used to calculate the amplification efficiency. 

 

Table 4-12 Amplification efficiencies for each of the primer pairs. 

Primer pair Target Amplification efficiency 
SMq1+SMq2 vB_VpaS_sm033 (terminase large subunit) 103% 

SMq3+SMq4 vB_VpaS_sm033 (terminase large subunit) n/d* 

SMq5+SMq6 
V. parahaemolyticus NCIMB  

(β-lactamase gene) 
103% 

SMq7+SMq8 
V. parahaemolyticus NCIMB  

(β-lactamase gene) 
107% 

* not determined due to inconsistencies between technical replicates 

 

 

4.3.10.4 Encapsidation rate of V. parahaemolyticus NCIMB genomic DNA by phage vB_VpaS_sm030 

Quantitative PCR was performed (Section 4.2.7) using primers pairs SMq1+SMq2 to construct a 

vB_VpaS_sm030 phage DNA standard curve (Section 4.3.10.1) and primer pairs SMq5+SMq6 for the 

construction of V. parahaemolyticus NCIMB genomic DNA standard curve. DNA obtained from 

vB_VpaS_sm030 lysates (two biological replicates, DNA concentrations of ~0.3 ng/µL) underwent 

qPCR amplification using primer pairs SMq1+SMq2, to determine the number of phage particles in the 

lysate, and primers SMq5+SMq6, to determine the number of β-lactamase genes that were 
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encapsidated in the phage particles during the formation of viral particles. The detection thresholds 

for this method were approximately 6x10-14 g for phage DNA (~680 phage genomes) and 1.5x10-13 g 

for the bacterial encoded gene (~27 copies of the bacterial gene). No amplification from primer pair 

SMq5+SMq6 with phage lysate DNA as a template was observed, suggesting that the number of 

putative encapsidated β-lactamase genes was under the detection threshold of 1.5x10-13 g (27 gene 

copies). Simultaneously, the standard curve for the SMq1+SMq2 primer pair (Figure 4-16) was used 

to estimate the number of the phage genomes that were added to the qPCR mix (for both replicates) 

at ~6x103 phage genome copies.  

 

 

Figure 4-16 Standard curve for primer pair SMq1+SMq2 on vB_VpaS_sm030 phage DNA. The standard 

curve was used to determine the phage copy number in the lysates undergoing analysis. 

 

 

4.4 Discussion 

Isolation of environmental bacteria from marine water samples using TCBS and HiCrome Vibrio 

selective media resulted in 52 putative Vibrios and one putative Shewanella loihica (Gao et al., 2006) 

being obtained (Section 4.3.1). The presence of Shewanellaceae was not unexpected, as members of 

this family have been previously confirmed to grow on TCBS agar plates (Li et al., 2010; Fang et al., 

2017). Isolated Vibrios were sequenced and underwent phylogenetic analysis using the nucleotide 

sequence of the gyrA gene (Section 4.3.1). Based on the similarity to reference and representative 
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strains, one of the isolates obtained from the second Red Sea water sample (RS2) was identified as a 

member of the Vibrio alginolyticus clade, two isolates (W3, W5) as members of the Vibrio kanaloae-

toranzoniae sub clade, with the remaining 34 Vibrios belonging to the Vibrio splendidus clade, as 

previously defined (Sawabe et al., 2013; Pérez-Cataluña et al., 2016). Although the resolution of 

phylogenetic analysis based only on the sequence of gyrA gene was low and it was not possible to 

assign the isolates to any of the Vibrio species, it was able to discriminate between the major Vibrio 

clades, thus was deemed satisfactory for the following experiments.  

All isolated Vibrio strains and available laboratory strains were used as hosts for the isolation 

of phages from the marine water samples resulting in a total of 59 plaques being picked and purified 

(Section 4.3.2). The following phage genome sequencing and assembly indicated that only four 

samples contained single, purified phage (Section 4.3.3). Remaining samples comprised of multiple 

phages as evidenced by the presence of more than two phage contigs in the assembly. Moreover, the 

alignment of the reconstructed phage contigs (Section 4.3.3) with their respective isolation host 

genomes (Section 4.3.4) showed that lysates contained re-isolates of induced prophages of the two 

strains used: Vibrio alginolyticus FR and Vibrio parahaemolyticus L4. This was further confirmed via 

TEM imaging, with both icosahedral and filamentous phage particles being present in the purified 

lysates (Section 4.3.3). Although the host genome sequencing suggested low levels of prophage 

autoinduction, with prophage regions exhibiting 3-7x higher coverage than the chromosomes (Section 

4.3.4), the negative controls performed during the phage isolation step never resulted in phage 

plaques being formed. As such, these prophages might have been induced either by dissolved 

compounds or the presence of another environmental Inovirus in the marine water sample. The prior 

can be possibly ruled out, as the putative environmental phages underwent multiple rounds of plaque 

purification (Section 4.2.2), thus any dissolved compound would be heavily diluted. As such, the 

induction of integrated prophages due to the presence of environmental Inovirus, similar to previously 

reported prophage induction in polylysogenic V. cholerae strains (Espeland et al., 2004), seems 

plausible. This is further reinforced by recent analysis showing a global prevalence of Inoviridae 

sequences in marine metagenomes (Roux et al., 2019a).  

 Unfortunately, the Nextera XT library preparation method (Section 2.4.10) used in this project 

made it impossible to determine the complete nucleotide sequences of the Inoviruses present in the 

lysates, as it requires dsDNA as a substrate for the tagmentation step. As Inovirus genomes comprise 

ssDNA (Roux et al., 2019a), only sporadically formed chimaeric dsDNA from either two complementary 

regions of ssDNA phage genomes or by the formation of ssDNA hairpin structures can be tagmented 

and amplified during Nextera XT library preparation (Star et al., 2014). The assembly and annotation 

step indicated that the majority of the assembled Inovirus contigs had palindromic sequences, 
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suggesting the formation of aforementioned chimaeric ssDNA/ssDNA structures. As such, a separate 

ssDNA-focused library preparation method, for example SALP (Wu et al., 2018), would be necessary 

to properly reconstruct Inovirus genomes and determine whether environmental Inoviruses were 

present in addition to the induced prophages. 

 Prophage sequences detected in the Vibrio alginolyticus FR genome were compared with 

prophages identified within all publicly available Vibrio genomes (Section 4.3.4.1), indicating that 

integrated phages similar to prophage_1, prophage_2 and prophage_3 are present in a range of V. 

alginolyticus strains. Moreover, prophages similar to Inoviridae prophage_2 and prophage_3, present 

in Vibrio alginolyticus FR, were also detected in Vibrio parahaemolyticus strains (for example: 

SAMN08965128 and SAMN08965153), indicating that they are not limited to a single host species. 

Finally, sequences similar to Inoviridae prophage_2 and prophage_3 were more common than 

putative Caudovirales prophage_1, confirming a previous assumption that Inoviridae prophages are 

highly prevalent in Gammaproteobacteria including Vibrio spp. (Castillo et al., 2018; Roux et al., 

2019a). 

 Out of the remaining four phage isolates, vB_VpaM_sm033 was obtained from the Puerto 

Morelos (Mexico) water sample using Vibrio parahaemolyticus L3 as a host, and vB_VpaS_sm030, 

vB_VpaS_sm031, and vB_VpaS_sm032 were isolated from second Red Sea water sample using Vibrio 

parahaemolyticus NCIMB as a host. Phylogenetic analysis of the large terminase subunit and major 

capsid protein genes showed that the closest relative of vB_VpaM_sm033 was another Vibrio phage, 

BONAISHI (Jacquemot et al., 2018), and together with four other Vibrio phages they formed a clade 

of large (>240 Kb genome size) Vibrio phages. However, there is limited genome similarity at the 

nucleotide level between the two. Therefore, vB_VpaM_sm033 represents a new species and its 

closest relatives likely represent a new genus or family. Phage isolates: vB_VpaS_sm030, 

vB_VpaS_sm031 and vB_VpaS_sm032 differed by only one SNP and represent the same species as 

previously isolated Vibrio phage ValSw4_1 (Chen et al., 2019), based on phylogenetic analysis and 

>97% ANI similarity. However, due to the lacking ICTV taxonomy (Lefkowitz et al., 2018) on Vibrio 

phages any further classification was impossible. As such, in accordance with the ICTV phage naming 

and classification guidelines (Adriaenssens and Brister, 2017), Vibrio virus vB_VpaM_sm033 should be 

classified as a member of a novel phage subfamily comprising Vibrio phages: vB_VpaM_sm033, 

BONAISHI, vB_VmeM-Yong XC32, vB_VmeM-Yong XC31, vB_VmeM-Yong MS32 and vB_VmeM-Yong 

MS31. Moreover, due to very low ANI between the phages (<40%, as such it was not possible to 

determine the exact value), it is suggested that both vB_VpaM_sm033 and BONAISHI represent 

separate genera, being the only representative of each. Finally, Vibrio phages vB_VpaS_sm030, 

vB_VpaS_sm031 and vB_VpaS_sm032 should represent new phages belonging to the Vibrio virus 
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ValSw4_1 species. However, further classification of Vibrio virus ValSw4_1 would require additional 

analyses, which are beyond the scope of this project. 

 Phage morphology as visualised by TEM showed that isolates vB_VpaS_sm030, 

vB_VpaS_sm031 and vB_VpaS_sm032 belonged to the family Siphoviridae. Phage vB_VpaM_sm033 

was classified as a member of the phage family Myoviridae, a dominant morphology for the jumbo 

phages (Yuan and Gao, 2017). Analysis of vB_VpaM_sm033 infection characteristics showed that it 

had a 120 min latent phase and burst size of 5, which is similar to the latent period of 2-3 h and burst 

size of 8-19 PFU/cell of its closest relative, BONAISHI (Jacquemot et al., 2018). However, recently 

isolated Vibrio jumbo phage pVa-21 showed a much shorter latent period of ~70min and burst size of 

~58 PFU/cell (Kim et al., 2019), indicating large variability in the infection characteristics of large Vibrio 

phages. Phage vB_VpaS_sm030 had an eclipse of 40 min, latent period of 80 min and an average burst 

size of 6 on its host of isolation, V. parahaemolyticus NCIMB, and burst of 50 on V. alginolyticus RS2. 

Incidentally, both: phage vB_VpaS_sm030 and V. alginolyticus RS2 were isolated from the same water 

sample, which might suggest that in the natural environment vB_VpaS_sm030 predates on V. 

alginolyticus RS2, which is exemplified by the higher efficiency of plating (EOP) of the phage when 

used against the aforementioned host rather than the host of isolation. Studies on the effect of host 

cell growth rate, size and the size of their genomes on phage replication parameters are limited 

(Kirzner et al., 2016). Previous experiments showed that Synechococcus host cell growth rate 

influenced cyanophage burst sizes, with slower growers releasing larger number of phage particles 

(Kirzner et al., 2016). This however does not hold true with the Vibrio hosts analysed in this study. The 

burst size of vB_Vpa_sm030 was ten-fold lower when infecting V. parahaemolyticus NCIMB rather 

than V. alginolyticus FR. However, the latter was faster grower than the former (data not shown) 

under the same experimental conditions. As such, further experiments would be necessary to 

understand the variability in phage replication parameters when infecting different Vibrio hosts. 

Proteomics analysis of phage vB_VpaM_sm033 resulted in the discovery of 88 proteins, 

confirming the annotation of 24 as structural or encapsidated proteins and the identification of a 

further 64 that had no similarity to any of the proteins with known function deposited in NCBI. 

Moreover, the majority of these proteins were either unique to vB_VpaM_sm033 or had very low 

similarity (<40% amino-acid identity) with proteins of unknown function present in other closely 

related jumbo phages: BONAISHI, vB_VmeM-Yong XC32, vB_VmeM-Yong XC31, vB_VmeM-Yong 

MS32 and vB_VmeM-Yong MS31. Similar to phage BONAISHI (Jacquemot et al., 2018), 

vB_VpaM_sm033 contains encapsidated RNA polymerase (subunits: SM033_00164 and 

SM033_00165). Previous analyses of jumbo phage proteins showed that they often contain two sets 

of RNA polymerases (RNAPs) (Ceyssens et al., 2014; Yuan and Gao, 2017): encapsidated RNAP subunits 
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that are co-injected with the DNA and participate in early transcription (Thomas et al., 2008; Skurnik 

et al., 2012; Thomas, J. A. et al., 2012) and non-virion RNAP which is required for middle and late 

transcription of phage genes (Mesyanzhinov et al., 2002; Ceyssens et al., 2014). Furthermore, a 

putative lytic transglycosylase has been detected (SM033_00163), which was also reported in jumbo 

bacteriophage φKZ, and might be required for lysis of the host cell and the release of progeny phage 

particles (Fokine et al., 2008). Finally, a range of structural proteins was detected enabling the 

reannotation of the proteins previously deemed hypothetical. Moreover, annotation of phage 

vB_VpaM_sm033 genes resulted in the detection of enzymes necessary for the degradation and 

recycling of nucleotides such as: ribonucleotide-diphosphate reductase (SM033_00082, 

SM033_00084 and SM033_00087), ribonuclease HI (SM033_151), oligoribonuclease (SM033_00118) 

and thymidylate synthase (SM033_00125). Unfortunately, the vast majority of vB_VpaM_sm033 

proteins could not be assigned function based on their similarity to known proteins. However, this is 

usual for large phages lacking known relatives, as exemplified by Vibrio phage BONAISHI (Jacquemot 

et al., 2018). Finally, vB_VpaM_sm033 was chloroform sensitive. Although this is often linked with the 

presence of lipids, for example in enveloped viruses, around 30% of tailed phages also exhibit 

sensitivity to ether and chloroform (Ackermann, 1998). 

 Phage vB_VpaS_sm030 proteomic analysis resulted in the detection of 20 proteins with four 

annotated structural proteins being confirmed. The remaining 16 proteins enabled the reannotation 

of hypothetical proteins as structural. The annotation of vB_VpaS_sm030 genes resulted in the 

detection of enzymes related to DNA synthesis, such as DNA polymerase (SM030_00095), primase 

(SM030_00012), helicase (SM030_00014) and putative adenine methylase (SM030_00098), with the 

remaining genes encoding for proteins of unknown function. 

 Phage host range analysis showed that all tested Vibrio phages infect closely related Vibrio 

species. Phage vB_VpaM_sm033, isolated on Vibrio parahaemolyticus L3 infected four other Vibrio 

parahaemolyticus strains and Vibrionales bacterium SWAT-3 (closely related to Vibrio chagasii). Phage 

vB_VpaS_sm030 (and vB_VpaS_sm031) could infect two Vibrio parahaemolyticus strains and Vibrio 

alginolyticus RS2 (isolated alongside vB_VpaS_sm030 from the same water sample). Surprisingly, 

Vibrio phage BONAISHI which is known to infect multiple Vibrio coralliilyticus strains (Jacquemot et 

al., 2018) was also able to infect one Vibrio parahaemolyticus strain (L2). Out of the remaining Vibrio 

phages, SiO2 infected multiple Vibrio parahaemolyticus strains and Vibrio phage ViGO could only 

infect its host of isolation, Vibrio alginolyticus FR. As such, the analysed phages showed relatively 

narrow host ranges. This was more apparent when they were compared with representative broad 

host range Vibrio phages: Vibrio phage KVP40, which was able to infect multiple Vibrio species such 

as V. parahaemolyticus, V. alginolyticus, V. splendidus, V. mimicus and V. cholerae (Matsuzaki et al., 
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1992), and Vibrio phage pVp-1, which could lyse >70% of clinical V. parahaemolyticus strains it was 

tested against (Jun et al., 2014b). However, those two phages were on the extreme end of the host-

range spectrum, as Vibrio phages that can only lyse the host they were isolated on are common (Al-

Fendi et al., 2014; Kalatzis et al., 2017). Finally, Vibrio phages belonging to the middle of the host-

range spectrum have also been reported (Chen et al., 2019). One of these, Vibrio phage ValSw4-1 

could lyse a much higher percentage of Vibrio strains (~50%) than vB_VpaS_sm030 (~3%) belonging 

to the same phage species (Section 4.3.5.2). As the ANI between both phages was 97.1% and their 

genomic content was almost identical, the difference in host range might be attributed to the 

variability of phage tail fibers (Holtzman et al., 2020). However, as no genes encoding tail fibers were 

predicted during the annotation, more in-depth analysis would be necessary. 

Finally, the encapsidation experiment was performed using phage vB_VpaS_sm030, due to its 

ability to infect both V. parahaemolyticus NCIMB (carrying a single copy, chromosome-encoded β-

lactamase gene) and V. alginolyticus RS2 (lacking any β-lactamase genes); The more sensitive 

encapsidation experiment was to be followed by the less sensitive transduction assay using β-

lactamase gene as a marker. However, the following experiment was cancelled, due to the 

encapsidation experiment resulting in no encapsidated host DNA being detected. This might be due 

to the qPCR assay being performed close to the limits of detection. The few generalised transduction 

experiments performed using marine environmental phages (Jiang and Paul, 1998) and Vibrio phages 

(Ogg et al., 1981; Thiyagarajan et al., 2011) showed that the transduction rates were in the range of 

~10-8 trandsuctants/PFU. As such, the experiment should be redone with a higher titre phage lysate 

that would translate into larger amount of input DNA. This would enable the detection of any putative 

transductants and confirm whether vB_VpaS_sm030 can perform generalised transduction, albeit at 

the very low level, or not. 

Recently, a mathematical model has been created to observe the rate at which ARGs are 

transduced by lytic phages via generalized transduction and retained within bacterial populations 

(Arya et al., 2020). The model showed the importance of selected phage characteristics such as: burst 

size, latent period, adsorption rate on the spread of ARGs. However, the most important factors were 

determined to be the growth and death rates of bacteria, the fitness costs for carrying ARGs and the 

fitness costs for phage immunity. As such, it was suggested that the spread of ARGs via generalized 

transduction is hampered by the hostility of the environment (Arya et al., 2020). The analyses 

performed in this study led to the isolation and characterisation of marine Vibrio phages. As such, 

isolated phages with known infection parameters such as host range, burst size or host DNA 

encapsidation rate could be used for experimental validation of the model. 
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5.1 Introduction 

 

5.1.1 Prevalence of Vibrio prophages 

Vibrio spp. are known to be hosts to a range of temperate phages (Oakey and Owens, 2000; Weynberg 

et al., 2016; Castillo et al., 2017; Clemens et al., 2017). Recent bioinformatics analyses indicate that 

the vast majority of Vibrio genomic sequences contain prophages (Castillo et al., 2018), with various 

mitomycin C induction experiments confirming that the detected prophages can often be induced 

resulting in the formation of infective virions. Examples of inducible Vibrio prophages include Vibrio 

cholerae phage CTXϕ encoding cholera enterotoxin , which is directly responsible for causing cholera 

disease (Clemens et al., 2017) and Vibrio phage VHML (Vibrio harveyi myovirus-like), obtained by 

mitomycin C induction of Vibrio harveyi strain ACMM 642, encoding the exotoxin lethal to penaeid 

larvae (Oakey and Owens, 2000). Other experiments resulted in the identification of inducible 

prophages within Vibrio anguillarum (Castillo et al., 2019), Vibrio campbellii (Lorenz et al., 2016), 

Vibrio natriegens (Pfeifer et al., 2019) and Vibrio vulnificus (Pryshliak et al., 2014), confirming that 

prophages are prevalent within the genus Vibrio.  

 

5.1.2 Vibrio prophages: their hosts and diversity  

Whilst prophages are prevalent within the genus Vibrio (Section 5.1.1), little is known about their 

diversity and distribution between different Vibrio species, with the largest study on Vibrio prophages 

to date (Castillo et al., 2018) focusing primarily on prophage-encoded virulence factors. The vast 

majority of Vibrio prophage research has focused either on a single host organism or a single 

prophage. For example, an analysis which was performed on a range of V. anguillarum strains (Kalatzis 

et al., 2017) showed that >50% out of 19 isolates collected from geographically distant locations (Chile 

and Europe) harboured genomically similar inducible prophages, implying a low diversity of the V. 

anguillarum prophages. In a separate study, Vibrio vulnificus phage PV94 was shown to be closely 

related to Vibrio cholerae phage kappa and prophages present in V. furnissii NCTC 11218 (Pryshliak et 

al., 2014). Yet another study showed that phage CTXϕ could lysogenise Vibrio mimicus and increase 

its virulence (Boyd et al., 2000). Finally, infection experiments using Vibrio harveyi phage VHML 

showed that it could lysogenise Vibrio cholerae ATCC 14035, demonstrating VHML’s broad host range 

(Payne et al., 2004). Although all the aforementioned experiments are beginning to provide insights 

into the genomic and host range diversities of Vibrio prophages, larger scale studies are necessary to 

collate this data for in-depth analysis of Vibrio prophages and their interactions with Vibrio hosts. 
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5.1.3 Aims 

Antimicrobial resistance genes have been shown to be prevalent in the marine environment (Shivaji, 

2005; Hatosy and Martiny, 2015; Cuadrat et al., 2019), especially within coastal zones (Lu et al., 

2019)(Section 1.6.1), suggesting the marine environment might be a vital reservoir of ARGs. Indeed, 

ARGs have been discovered within various phage fractions isolated from sewage, wastewater and 

river water samples (Colomer-Lluch et al., 2011b; Calero-Caceres et al., 2014; Colomer-Lluch et al., 

2014; Marti et al., 2014). Moreover, analysis of the data generated as a part of the TARA Oceans 

project (Pesant et al., 2015) using a networking approach showed that phages were linked to Vibrios 

and Enterobacteriaceae and were implied to play a major role in the dissemination of ARGs (Debroas 

and Siguret, 2019). However, due to a lack of large-scale Vibrio prophage diversity studies, the role of 

Vibrio prophages in the dissemination of ARGs within the aquatic environment remains unknown. As 

such, the aim of this chapter was to determine the diversity of prophages and prevalence of prophage-

encoded ARGs within the genus Vibrio.  

 

To do this a number of objectives were set: 

1. Construct a database of all known Vibrios, their prophages and ARGs encoded by them. 

2. Determine the diversity and host range of Vibrio prophages 

3. Determine the prevalence of ARGs within the prophages of the genus Vibrio 
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5.2 Methods 

 

5.2.1 Construction of Vibrio database, detection and annotation of integrated prophages 

A pipeline was created for Vibrio genome acquisition, detection of integrated prophages and 

identification of ARGs within both Vibrio and prophage genomic sequences (Figure 5-1). All publicly 

available Vibrio spp. genomes (Apr 2019) were extracted from GenBank (Benson et al., 2017) and from 

the SRA (Leinonen et al., 2011), followed by their assembly and storage in Enterobase (Zhou et al., 

2019)(Appendix 8). BioSample identifier (SAM*) was used as a unique identifier for each Vibrio 

genome to ensure no duplicates occurred between sequences obtained from GenBank and 

Enterobase (Appendix 9). Subsequently, Vibrio genomes were searched for prophages using the 

PHASTER API (Arndt et al., 2016)(Appendix 10) with complete, questionable and incomplete 

prophage-like sequences being extracted and stored in the local database. Each prophage was 

denoted by the BioSample number of its host, followed by a prophage number as detected by 

PHASTER API and its completeness (Zhou et al., 2011). For example, BioSample SAMEA889243 is a 

unique identifier of Vibrio cholerae reads found in SRA and assembled by Enterobase, with 

SAMEA889243_1_incomplete and SAMEA889243_2_intact representing its first (incomplete) and 

second (intact) prophage-like sequences, respectively, as detected by PHASTER API (Appendix 9). All 

prophage-like sequences (intact, questionable and incomplete) were annotated using Prokka v.1.11 

(Seemann 2014) with `--addgenes` settings, using a custom database of all phage genomes that had 

previously been extracted from GenBank (Jul 2017). 
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Figure 5-1 A pipeline for Vibrio genome acquisition, prophage identification and ARG detection. Vibrio 

genomes are acquired from GenBank and Enterobase (after prior assembly of SRA-stored reads) and 

stored in the local database. Subsequently their ARG profiles are determined using RGI (CARD) and 

prophages detected via PHASTER API. Prokka is used for calling prophage genes and their annotation. 

Finally, selected phage ARGs can undergo functional analysis (Section 6). 

 

 

5.2.2 Prophage diversity: closest known relatives and ViPTree 

To determine the closest known relative of each intact prophage, their nucleotide sequences were 

extracted and MASH sketch were created using ‘sketch -s 10000  -k 21’ options (Ondov et al., 2016). 

Subsequently, a MASH database was constructed from all the phage genomes available at the time of 

analysis (Apr 2020) using Mash v.2 (Ondov et al., 2016) with `-s 1000` setting (Michniewski et al., 

2019). A MASH distance comparison of intact prophages’ nucleotide sequences against the database 

was performed using ‘dist -p 10 -v 0.001 -d 0.05’ options, resulting only in hits >95% MASH similarity, 
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which has been shown to be equivalent to >95% ANI (Ondov et al., 2016), an ANI cut-off for species 

demarcation (Adriaenssens and Brister, 2017). For each intact prophage, a top hit with highest 

similarity was selected as its closest known relative.  

Prophage diversity was evaluated using ViPTree v.1.1.2 (Nishimura et al., 2017). Nucleotide 

sequences of all previously detected intact prophages (Section 5.2.1) and all known Vibrio phages 

were combined into a single nucleotide multifasta file and analysed using ViPTree with default 

options. The resulting distance tree was visualised using Interactive Tree of Life, ITOL (Letunic and 

Bork, 2007). 

 

5.2.3 Prophage clustering; identification of clusters containing known prophages 

Clustering of the identified Vibrio prophages was performed by Graham Hill, University of Leicester, 

as follows. All previously determined (Section 5.2.1) phage protein sequences were extracted and 

combined into a single multifasta file, which was subsequently used as an input for vContact2 v.0.9.15 

(Bolduc et al., 2017; Bin Jang et al., 2019) with ‘--rel-mode Diamond --db ProkaryoticViralRefSeq94-

Merged --pcs-mode MCL --vcs-mode ClusterONE’ options. Output files were analysed to determine 

the number of generated clusters and prophages assigned to them, and to identify clusters containing 

only intact prophages.  

To determine the closest known relatives of prophages belonging to a cluster, a single 

prophage was randomly selected as a cluster’s representative, its nucleotide sequence extracted and 

MASH sketch created using ‘sketch -s 10000 -k 21’ options (Ondov et al., 2016). MASH distance 

comparison of the representative phage’s nucleotide sequence against the database of all known 

phages (Section 5.2.2) was performed using MASH with ‘dist -p 10 -v 0.001 -d 0.5’ options (Ondov et 

al., 2016). The top hit with highest similarity was selected as the closest relative of the representative 

phage and extrapolated onto the cluster it was assigned to.   

 

5.2.4 Detection of ARGs in prophage and Vibrio genomic sequences 

Previously annotated (Section 5.2.1) prophage sequences were searched for ARGs using Resistance 

Gene Identifier (RGI) v.5.0.0 software with `--input_type protein --include_loose` settings and CARD 

(Jun 2019) reference sequences (Alcock et al., 2019)(Appendix 11). Following the detection of ARGs in 

the prophage sequences, all Vibrio genomes underwent Prokka v.1.11 (Seemann 2014) analysis with 

`--noanno` option to obtain all CDS, followed by RGI v.5.0.0 scan with ``--input_type protein ` setting 

using CARD (Jun 2019) to determine their ARG profiles (Appendix 11). A file parser for RGI output files 
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was created (Appendix 12) to extract ARG metadata: prophage encoding the gene, gene name, 

identification cut-off and functional annotation.  

 

5.2.5 Comparative genomics of ARG-encoding prophage-like sequences 

Gene maps were constructed for all ARG-encoding prophage-like elements using Easyfig 2.2.2 

(Sullivan et al., 2011) and compared against other ARG-encoding prophage-like elements within the 

same viral cluster, as previously determined (Section 5.2.3). Where feasible, up to seven randomly 

selected non-ARG-encoding prophage-like sequences belonging to the cluster and the closest known 

phage related to the cluster undergoing analysis (Section 5.2.3) were also selected for the comparative 

analysis. Analyses were performed using a Blastp approach with default parameters. If the Blastp 

comparison resulted in 100% identity between the sequences over the full length of the query, Blastn 

analysis was performed using the default parameters. Results of the comparative analyses were 

visualised using Easyfig 2.2.2 (Sullivan et al., 2011). 

 

5.2.6 Comparison of prophage and host ARG profiles 

To determine the prevalence and copy number of the prophage-encoded ARGs within the viral cluster 

(Section 5.2.3), the host bacterial genomes were analysed with Blastp using default parameters. Hits 

of >90% identity and >90% query length were inspected and cross-referenced with the RGI results 

(Section 5.2.4).  
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5.3 Results 

 

5.3.1 Vibrio prophage database: general features and metrics. 

A database comprising all 8,681 publicly available Vibrios genomes was constructed (Section 5.2.1, 

Appendix 9), with the most represented species, Vibrio cholerae, accounting for 67.2% of the strains 

in the database, followed by Vibrio parahaemolyticus at 16.5%, Vibrio vulnificus at 3.7% with the 

remaining Vibrio species accounting for 12.6% of the strains in the database (Figure 5-2). 

 

 

 

Subsequently, PHASTER analysis of the Vibrio genomes (Section 5.2.1) resulted in the 

identification of 17,163 prophage-like elements, with an average of 1.98 prophage-like sequences 

detected per genome. Over 51% of the genomes were poly-lysogenic and contained more than one 

integrated prophage-like element (Figure 5-3). Subsequently, detected prophages were assigned 

completeness score by PHASTER, based on the number of detected genes within the prophage cluster 

which were related to known phage genes (Zhou et al., 2011; Arndt et al., 2016). Out of all detected 

prophages 8,144 were intact (score >90), 902 questionable (score of 60-90) and 8,117 incomplete 

(score <60). Detected prophage-like sequences varied in size from 1.7 Kb to 134 Kb in length, with 

between 3 and 220 genes and with up to 19 tRNAs being identified within each sequence. 

 

Figure 5-2 Distribution of the 8,681 strains between the most common Vibrio species stored in the local 

database.  
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MASH analysis of intact prophages to determine their closest relatives (Section 5.2.2) resulted 

in 6,025 prophages being linked to 37 known phages (Figure 5-4). Out of these, 4,292 were closely 

related to Vibrio phage CTXphi, 566 to Vibrio phage 919TP, 307 to Vibrio phage VfO4K68, 229 to Vibrio 

phage VPUSM 8 and 155 to Vibrio phage VfO3K6 and 140 to Vibrio phage Vf33 (Figure 5-4). 

Incidentally, 18 prophage sequences were similar to Escherichia phage phiX174 which are attributed 

to lack of the removal of the Ilumina spike-in control (Illumina, 2020), prior to genome assembly. 

Finally, 2,119 prophage sequences had no closest relatives at >95% ANI, suggesting that they might 

belong to a new, yet uncharacterised Vibrio phage species (Figure 5-4).  

 

Figure 5-3 Number of prophage-like elements detected per Vibrio genome.  
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A phylogenetic tree comprising all the detected intact prophages and all known Vibrio phages 

was created using ViPTree v1.1.2 (Section 5.2.2) to determine the diversity of the prophages (Figure 

5-5). This was cross-referenced with prophage host species data to determine the prophage 

distribution amongst different Vibrios. This resulted in the discovery of two instances of a Vibrio phage 

CTXphi in Vibrio mimicus: SAMN02470248_1_intact and SAMN03996329_1_intact, both with >98% 

MASH similarity to Vibrio virus CTXphi (acc: MF155889), suggesting the same prophage is found in 

different Vibrio species. A similar pattern was found for phages related to Vibrio phage 

Figure 5-4 Number of detected intact prophages and their closest known relatives at >95% ANI. 

Prophages with <95% ANI to any of the known phages were marked as “Not classified”.   
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K05K4_VK05K4_2 (acc: CP017906) with 30 detected in Vibrio alginolyticus and six in Vibrio 

parahaemolyticus. Similarly, prophages related to VfO3K6 (acc: AB043678) were present in both Vibrio 

alginolyticus (3 instances) and Vibrio parahaemolyticus (152 instances) (Figure 5-5). Moreover, 

prophages related to VfO4K68 (acc: AB043678) were also present in Vibrio alginolyticus (14 instances) 

and Vibrio parahaemolyticus (293 instances) (Figure 5-5). Finally, although the primary host for 

prophages related to Vibrio phage VEJphi (acc: FJ904927) was Vibrio cholerae with 30 instances, one 

instance was detected in Vibrio parahaemolyticus (SAMN03945150_2_intact) (Figure 5-5). 

ViPTree analysis of all intact prophages underlined the differences between the detected 

CTXphi-like prophage sequences (Figure 5-5): prophages varied in length from ~5.2 kb (prophages 

similar to Vibrio phage pre-CTX acc: KT728930) to ~17.0 kb (prophages similar to Vibrio virus CTXphi 

acc: GU942563). Differences in their lengths could be attributed to PHASTER mis-identifying tandemly 

integrated CTXphi prophages (Davis and Waldor, 2000) as a single prophage region. Finally, the second 

largest group of V. cholerae prophages were related to Vibrio phage 919TP (Figure 5-5).  
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Vibrio virus CTXphi 
Vibrio phage pre-CTX 

Vibrio phage VEJphi 

Vibrio phage K05K4_VK05K4_2 

Vibrio phage VfO4K68 Vibrio phage VfO3K6 

Figure 5-5 Phylogenetic tree of all intact prophages and known Vibrio phages constructed using ViPTree. The inner 

coloured ring denotes Vibrio host species; relevant human pathogenic Vibrios were marked: red – V. cholerae, green 

– V. parahaemolyticus, yellow – V. vulnificus. The outer coloured ring and box outline colour denotes the major 

groups of intact prophages similar to known Vibrio phages: green – Vibrio virus CTXphi and Vibrio phage pre-CTX, 

blue – Vibrio phage VEJphi, cyan – Vibrio phage K05K4_VK05K4_2, red – Vibrio phage VfO4K68, pink – Vibrio phage 

VfO3K6. The phylogenetic tree was visualised using the Interactive Tree of Life, ITOL (Letunic and Bork 2007). 
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5.3.2 Vibrio prophages: vContact2 clustering analysis. 

All 17,163 identified Vibrio prophage-like element nucleotide sequences and 2,214 reference phage 

sequences were combined and analysed using vContact2 (Section 5.2.2). This resulted in the 

formation of 632 clusters of which 331 contained at least one Vibrio prophage-like element for a total 

of 6,480 prophage-like sequences (Figure 5-6). Out of these, 3,197 intact prophages were assigned to 

126 clusters (Figure 5-6). The remaining 10,663 prophage-like sequences were split between two or 

more clusters (1,195 elements), outliers (746 elements) and singletons (8,772 elements). Moreover, 

amongst the sequences that were not assigned to a single viral cluster there were 4,940 intact 

prophages split between: outliers (306 elements), singletons (3,871 elements) and overlapping two 

clusters (763 elements). 

Each of the viral clusters contained between 2 and 623 prophage-like elements with six largest 

clusters, VC_515_0, VC_367_0, VC_532_0, VC_420_0, VC_416_0 and VC_560_0 comprising 623, 304, 

265, 221, 220 and 220 prophage-like elements, respectively (Figure 5-6). Out of these, clusters 

VC_515_0 and VC_532_0 were dominated by intact prophages: 623 and 260, respectively. Overall, the 

majority of the clusters that had intact prophages assigned to them did not contain any incomplete or 

questionable prophage-like sequences.  

Finally, 11 clusters comprising 1,051 intact Vibrio prophages contained known Vibrio phages. 

Cluster VC_180_0 (5 intact prophages) contained Vibrio phage ICP2 (acc: HQ641345) and Vibrio phage 

ICP2_2013_A_Haiti (acc: KM224879). Cluster VC_219_0 (2 intact prophages) also contained Vibrio 

phage ICP1 (acc: HQ641347). Cluster VC_239_0 comprising 23 intact prophages contained known 

Vibrio phage VFJ (acc: KC357596) and Vibrio phage fs2 (acc: AB002632). Cluster VC_256_0 (23 intact, 

1 questionable prophage-like sequence) also included Vibrio phage martha 12B12 (acc: HQ316581). 

Nine intact prophages of the VC_260_0 cluster were linked to known Vibrio phage VP882 (acc: 

EF057797). Cluster VC_358_0 comprised 127 intact prophages linked to Vibrio phage Vf33 (acc: 

AB012573), classified by ICTV (Lefkowitz et al., 2018) as a sole member of the Villovirus genus 

belonging to the family Inoviridae, suggesting that the remaining phages might also belong to the 

same genus. Cluster VC_389_0 (147 intact and 1 questionable prophage) was linked to another 

member of the Inoviridae family, Vibrio phage VfO3K6 (acc: AB043678) belonging to the Versovirus 

genus. Cluster VC_426_0 (61 intact prophages) comprised an additional four known phages: Vibrio 

phage VEJphi (acc: FJ904927), Vibrio phage VGJphi (acc: AY242528), Vibrio phage VSK (acc: AF453500) 

and ICTV classified these as an Inovirus family member: Vibrio virus fs1 (acc: D89074) of the Fibrovirus 

genus. Cluster VC_515_0 (623 intact prophages) contained Vibrio phage K139 (acc: AF125163), 

classified by ICTV (Lefkowitz et al., 2018) as a member of the Longwoodvirus genus, and Vibrio phage 

VPUSM 8 (acc: KF361475). Cluster VC_566_0 comprising 25 intact prophages also contained Vibrio 
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phage VCY (acc: JN848801), classified by ICTV as a member of the Vicialiavirus genus, a part of the 

Inovirus family. Finally, VC_81_0 contained four intact prophages linked to three members classified 

by the ICTV in the Vhmlvirus genus: Vibrio phage vB_VpaM_MAR (acc: JX556417) Vibrio phage VP585 

(acc: FN297812) and Vibrio phage VHML (acc: AY133112). This data is summarised in Table 5-1. 

 The remaining 115 clusters comprising 2,197 intact prophages did not contain any known 

phages. As such, MASH distance analysis (Section 5.2.2) of the representative phage for each cluster 

containing intact prophages was performed to identify their closest known relative (Appendix 13). This 

confirmed that previously analysed cluster VC_515_0, containing known Vibrio phage K139, was also 

related to Vibrio phage 919TP (Shen et al., 2016) with 99.79% MASH identity between 919TP and a 

randomly selected representative. This was confirmed by Blastn, with the alignment of phages: 919TP 

and K139 resulting in 99.95% nucleotide identity. Cluster VC_532_0 was linked to Vibrio phage CTXphi. 

Finally, representatives of clusters VC_433_0 and previously analysed VC_389_0 showed highest 

similarity with Vibrio phage VfO3K6 found in Vibrio parahaemolyticus, confirming the vContact2 

clustering analysis (Appendix 13, Table 5-1).  

 
 
Table 5-1 List of viral clusters comprising intact prophages clustered with known phages. 

Cluster Number of prophages 
(intact/questionable) 

Known relative Accession 

VC_180_0 5 
Vibrio phage ICP2 HQ641345 

Vibrio phage ICP2_2013_A_Haiti KM224879 

VC_219_0 2 Vibrio phage ICP1 HQ641347 

VC_239_0 23 
Vibrio phage VFJ KC357596 

Vibrio phage fs2 AB002632 

VC_256_0 23/1 Vibrio phage martha 12B12 HQ316581 

VC_260_0 9 Vibrio phage VP882 EF057797 

VC_358_0 127 Vibrio phage Vf33 AB012573 

VC_389_0 147/1 Vibrio phage VfO3K6 AB043678 

VC_426_0 61 

Vibrio phage VEJphi FJ904927 

Vibrio phage VGJphi AY242528 

Vibrio phage VSK AF453500 

Vibrio virus fs1 D89074 

VC_515_0 623 
Vibrio phage K139 AF125163 

Vibrio phage VPUSM 8 KF361475 

VC_566_0 25 Vibrio phage VCY JN848801 

VC_81_0 4 

Vibrio phage vB_VpaM_MAR JX556417 

Vibrio phage VP585 FN297812 

Vibrio phage VHML AY133112 
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Figure 5-6 Network map of detected Vibrio prophages. Node colours denote: reference phages (teal) from vContact2 ViralRefSeq custom database v.94 
(Bolduc et al. 2017), intact prophages (red), questionable and incomplete prophage-like sequences (grey). Major clusters comprising of prophages related 
to the already characterised phages were marked with a green arrow. Clustering was performed using vContact2 (Section 7.2.5). 

Vibrio virus CTXphi 

Vibrio phage VEJphi 

Vibrio phage Vf03k6 

Vibrio phage K05K4_VK05K4_2 

Vibrio phage 919TP 
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5.3.3 ARGs encoded by prophages 

RGI analysis (Section 5.2.3) of the 17,162 prophage-like elements (Section 5.3.1) was performed to 

detect ARGs using perfect (selecting ARGs that have identical amino acid sequence with functional 

ARGs curated in CARD) and strict (selecting ARGs which are similar to CARD reference sequences, with 

detection cut-offs determined by CARD curators) detection algorithms (Jia et al., 2017; Alcock et al., 

2019). This resulted in the detection of 159 ARGs (Appendix 14), with 49 perfect hits (0.016% of all 

CDS), and 110 strict hits (0.035% of all CDS). Although the majority of the prophage-like sequences 

also encoded loose (exploratory) cut-off ARGs, they were disregarded from further analysis as 

previously suggested for exploratory thresholds (Enault et al., 2017; Debroas and Siguret, 2019). 

Perfect hit ARGs were located only on questionable (3 instances) and incomplete (46 instances) 

prophages, whereas strict hit ARGs were found in intact (29 instances), questionable (39 instances) 

and incomplete (42 instances) prophage-like sequences (Figure 5-7). In total, 110 prophage sequences 

encoded ARGs: 82 contained only a single ARGs with the remaining 28 prophage-like sequences 

harbouring between two and six ARGs (Figure 5-8). However, with the exception of prophage 

SAMN03177521_3_intact found within Vibrio anguillarum strain 6018/1, multiple ARGs were only 

found in questionable and incomplete prophage-like sequences (Figure 5-8).  

Figure 5-7 ARGs encoded by prophage-like elements identified within Vibrio spp. genomes. 
Intact, Questionable and Incomplete denote PHASTER prophage identification cut-offs. Perfect 

and Strict denote RGI (CARD) ARG detection cut-offs. 
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Out of 159 detected ARGs, almost half (71 genes) were responsible for the inactivation of the 

antibiotic molecules (Table 5-2, Figure 5-9). Amongst these, the most common were genes encoding 

beta-lactamases: TEM-1, CTX-M-15, OXA, CARB, varG (40 instances) followed by aminoglycoside 

acetyltransferases (20 instances). The next most common mechanism of action was antibiotic target 

replacement (37 genes) dominated by trimethoprim resistant dihydrofolate reductase, Dfr (32 

instances), followed by target alteration (27 genes) and target protection (19 genes) (Figure 5-9). 

Finally, genes encoding various efflux pumps and their components were relatively rare, with only five 

instances being identified (Figure 5-9). This ratio was not consistent between various prophage-like 

element detection cut-offs. ARGs encoded by intact prophages were commonly involved in antibiotic 

target alteration and target protection, with 12 and 10 instances, respectively. Finally, five instances 

of ARGs were responsible for antibiotic inactivation and two for antibiotic efflux (Figure 5-9).  

 Detected ARGs were associated with 17 different groups of antimicrobials (Figure 5-10). The 

most common were beta-lactam antibiotics (42 instances, 26.4%), followed by diaminopyrimidine 

antibiotics (32 instances, 20.1%) and aminoglycoside antibiotics (26 instances, 16.3%). Furthermore, 

ARGs responsible for the resistance against fluoroquinolone, lincosamide, macrolide, streptogramin 

and tetracycline antibiotics were also common, with >20 instances of each (Figure 5-10). Finally, the 

least common were ARGs associated with the resistance against nucleoside, elfamycin, glycopeptide 

Figure 5-8 Number of prophage-like sequences encoding one or more ARGs. PHASTER detection cut-
offs are denoted by colours: blue: intact, orange: questionable, grey: incomplete. 
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antibiotics and acridine dye with one to two instances of each being detected within the Vibrio 

prophages and prophage-like sequences (Figure 5-10). 

 

 

Figure 5-10 The number of ARGs sorted by the antibiotic class they confer resistance against. The total 

number is higher than the number of detected ARGs as some ARGs can confer resistance to multiple 
classes of antibiotics. 

Figure 5-9 Number of detected ARGs sorted by their mechanism of action. Shown are ARGs found in 
questionable and incomplete prophage-like elements (blue) and in intact prophages (orange).   
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Table 5-2 Detected ARGs, their numbers and properties as defined by CARD. 
Gene name Copies  ARG description Resistance against  Method of action 

AAC(3)-IIa, AAC(3)-

IIc, AAC(6')-II 
20 aminoglycoside acetyltransferase aminoglycoside antibiotics antibiotic inactivation 

adeF 1 
membrane fusion protein of the multidrug efflux 

complex AdeFGH 
tetracycline, fluoroquinolones antibiotic efflux 

ANT(3'')-IIa 1 aminoglycoside nucleotidyltransferase aminoglycoside antibiotics antibiotic inactivation 
APH(3')-Ia, APH(3'')-

Ib, APH(6)-Id 
5 aminoglycoside phosphotransferase aminoglycoside antibiotics antibiotic inactivation 

CARB-4 1 beta-lactamase penams antibiotic inactivation 
catI, cat 4 chloramphenicol acetyltransferase phenicol antibiotics antibiotic inactivation 

chrB 2 non-erm 23S ribosomal RNA methyltransferase macrolide antibiotics, lincosamide antibiotics antibiotic target alteration 
CTX-M-15 14 beta-lactamase cephalosporins antibiotic inactivation 

dfrA1, dfrA12, 

dfrA14, dfrA15, 

dfrA23, dfrA30, 

dfrA6 

32 trimethoprim resistant dihydrofolate reductase diaminopyrimidine antibiotics antibiotic target replacement 

Erm(34), ErmG 4 Erm 23S ribosomal RNA methyltransferase 
macrolide antibiotics, streptogramin 
antibiotics, lincosamide antibiotics 

antibiotic target alteration 

EF-Tu 1 elfamycin resistant EF-Tu elfamycin antibiotics antibiotic target alteration 
parE 2 fluoroquinolone resistant parE fluoroquinolone antibiotics antibiotic target alteration 

ICR-Mc, ICR-Mo 8 
intrinsic colistin resistant phosphoethanolamine 

transferase 
peptide antibiotics antibiotic target alteration 

OpmD 2 
resistance-nodulation-cell division (RND) 

antibiotic efflux pump 
tetracycline antibiotics, acridine 
dye, fluoroquinolone antibiotics 

antibiotic efflux 

OXA-198, OXA-2, 

OXA-63 
4 beta-lactamase penams, cephalosporins antibiotic inactivation 
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soxR 2 antibiotic efflux pump 
tetracycline antibiotics, fluoroquinolone 

antibiotics, glycylcycline, cephalosporins, rifamycin 
antibiotics, phenicol antibiotics, penams, triclosan 

antibiotic efflux 

qacH 6 
small multidrug resistance (SMR) antibiotic efflux 

pump 
fluoroquinolone antibiotics antibiotic efflux 

QnrS2, QnrVC1, 

QnrVC5, QnrVC6 
7 quinolone resistance protein fluoroquinolone antibiotics antibiotic target protection 

SAT-2 1 streptothricin acetyltransferase nucleoside antibiotics antibiotic inactivation 

mupB 11 
antibiotic resistant isoleucyl-tRNA synthetase 

(ileS) 
mupirocin antibiotic target alteration 

sul1 5 sulfonamide resistant sul sulfonamide antibiotics antibiotic target replacement 
TEM-1 19 beta-lactamase penams, penem, cephalosporins, monobactam antibiotic inactivation 

tet(A), tetR 1 
major facilitator superfamily (MFS) antibiotic 

efflux pump 
tetracycline antibiotics antibiotic efflux 

vanRG, vanSA 2 glycopeptide resistance gene cluster, vanR glycopeptide antibiotics antibiotic target alteration 
vatE, vatF 3 streptogramin vat acetyltransferase streptogramin antibiotics antibiotic inactivation 

vgaC 15 
ABC-F ATP-binding cassette ribosomal protection 

protein 

streptogramin antibiotics, lincosamide 
antibiotics, phenicol antibiotics, oxazolidinone 
antibiotics, macrolide antibiotics, pleuromutilin 

antibiotics, tetracycline antibiotics 

antibiotic target protection 

varG 2 beta-lactamase carbapenem antibiotic inactivation 
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5.3.4 Distribution of ARGs encoded by prophages within vContact2 viral clusters 

To further investigate the prevalence and distribution of ARGs within the Vibrio prophages, all 24 viral 

clusters containing prophage-like elements encoding ARGs were manually inspected (Section 5.2.4, 

Section 5.2.5). The data was summarised in the Appendix (Appendix 14). 

 

5.3.4.1 Viral cluster VC_141_0 

Viral cluster VC_141_0 comprised one questionable (SAMEA103900008_3_questionable) and two 

intact (SAMEA103899946_2_intact, SAMEA103908356_1_intact) prophage sequences encoding ICR-

Mc ARG, an intrinsic colistin resistant phosphoethanolamine transferase. Blastp comparison of phage-

encoded ICR-Mc amino acid sequences against all host amino acid sequences (Section 5.2.5) 

confirmed the presence of one copy of ICR-Mc on each of the bacterial genomes. For Vibrios 

SAMEA103899946 and SAMEA103908356, the ARG was present within the intact prophage region, 

whereas for Vibrio SAMEA103900008 it was discovered on a 7.7 kb long contig 

(NODE_26_length_7696_cov_67.04217696). Blastp comparative analysis (Section 5.2.4) of all three 

prophage-like sequences of VC_141_0 showed that they could represent the same prophage, with the 

questionable sequence being truncated at the end of the contig (Figure 5-11). Further investigation of 

NODE_26 of Vibrio SAMEA103900008 showed that the gene cluster encoded on this contig was 

identical with the sequences present in SAMEA103899946_2_intact and SAMEA103908356_1_intact 

suggesting that it could represent the remaining fragment of the SAMEA103900008_3_questionable 

prophage. Finally, an inspection of the RGI detection paradigms for ICR-Mc (Section 5.2.3) showed 

that in all instances a Loose cut-off hit was upgraded to Strict due to 100% Blastp identity over the 

length of six amino-acids with the reference ICR-Mc sequence (CARD, June 2019). As such, due to the 

very low coverage, it is unlikely that the detected putative ARG represents an actual ICR-Mc, further 

analyses would be necessary to determine whether these six amino-acid aligned with an active site of 

the reference ICR-Mc sequence. 
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5.3.4.2 Viral cluster VC_168_0 

Viral cluster VC_168_0 comprised four intact prophages, two of which encoded erm(34) ARG, 23S 

ribosomal RNA methyltransferase. Vibrio phage Her (acc: KX581090) was identified as the closest 

relative of phages belonging to VC_168_0 cluster based on a MASH distance analysis (Section 5.2.2) 

of a representative phage (SAMN03273306_1_intact) against the database of all known phages, with 

73.7% MASH similarity. Blastp comparison of Erm(34) amino-acid sequence against all VC_168_0 

prophage host proteins (Section 5.2.5) resulted in the discovery of a single copy of erm(34) ARG in: 

SAMN03273306 and SAMN07739081 (encoded by the prophage), and SAMN07739091. Further 

inspection of the SAMN07739091 genome assembly, followed by Blastp comparison of all prophages 

belonging to VC_168_0 (Section 5.2.4) indicated that the SAMN07739091_3_intact prophage 

sequence might be incomplete due to a truncation (Figure 5-12) at the end of the contig the phage 

was detected on. The gene cluster comprising the erm(34) ARG, four hypothetical proteins and an 

integrase, which is present on both SAMN03273306_1_intact and SAMN07739081_1_intact 

prophages (Figure 5-12), was also discovered in the Vibrio SAMN07739091 genome as a separate 

contig (PDFW01001723.1), further confirming the truncation of the SAMN07739091_3_intact 

prophage sequence due to the incomplete genome assembly. Furthermore, analysis of the RGI 

detection paradigm (Section 5.2.3) showed that erm(34) ARG was another example of a Loose cut-off 

hit being upgraded to Strict due to >95% Blastp identity over the length of nine amino-acids against 

the reference Erm(34) sequence (CARD, June 2019). 

Figure 5-11 Blastp comparison of prophage-like elements belonging to viral cluster VC_141_0. Arrows 
indicate CDS; colours denote annotation: cyan – hypothetical proteins, orange – annotated phage 
proteins, red – ICR-Mc ARG. Greyscale bars denote Blastp identity between the marked regions. Figure 
was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 
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5.3.4.3 Viral contig VC_219_0 

Viral contig VC_219_0 comprised only two intact prophages, both encoding opmD, an outer 

membrane channel protein of the efflux complex MexGHI-OpmD. MASH distance analysis (Section 

5.2.2) of a representative phage (SAMD00059637_1_intact) against the database of all known phages 

indicated that the closest known relative of phages belonging to cluster VC_219_0 was Vibrio phage 

ICP1_2012_A (acc: MH310936) with 99.7% MASH similarity between the phage genomic sequences. 

Blastp analysis of host genomes (Section 5.2.5) indicated that each bacterial genome had only one 

copy of opmD encoded by the prophage. Blastp comparison of both prophages 

SAMEA104548105_1_intact and SAMD00059637_1_intact, and their closest relative Vibrio phage 

ICP1_2012_A (Section 5.2.4) showed a possible misassembly or genome rearrangement between both 

prophages which included genes encoding for: Opm, DNA polymerase, a putative DNA-binding 

protein, a putative primase/helicase, ribonuclease H and nicotinate phosphoribosyltransferase (Figure 

5-13). Moreover, the opmD ARG was also found to be encoded by Vibrio phage ICP1_2012_A. 

Inspection of the RGI detection paradigm for opmD showed that it was a Loose hit upgraded to Strict 

due to >95% Blastp identity over the length of seven amino-acids against the reference OpmD 

sequence (CARD, June 2019). 

 

Figure 5-12 Blastp comparison of prophage-like elements belonging to viral cluster VC_168_0. Arrows 
indicate CDS; colours denote annotation: cyan – hypothetical proteins, orange – annotated phage 
proteins, red – erm(34) ARG. Greyscale bars denote Blastp identity between the marked regions. 
Vibrio phage Her (acc: KX581090) sequence used in the comparison was provided unannotated. Figure 
was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 
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Figure 5-13 Blastp comparison of prophage-like elements belonging to viral cluster VC_219_0. Arrows 
indicate CDS; colours denote annotation: cyan – hypothetical proteins, orange – annotated phage 
proteins, red – opmD ARG. Greyscale bars denote Blastp identity between the marked regions. The 
Vibrio phage ICP1_2012_A (acc: MH310936) sequence used in the comparison was provided 
unannotated. The Figure was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 
 

 

5.3.4.4 Viral cluster VC_231_0 

Viral cluster VC_231_0 comprised 42 intact prophages of which SAMN02708867_1_intact encoded an 

APH(3')-Ia aminoglycoside phosphotransferase and SAMN09386619_1_intact a varG beta lactamase. 

Blastp analysis of all prophage bacterial host genomes (Section 5.2.5) showed that APH(3')-Ia is a single 

copy gene present only within the SAMN02708867_1_intact prophage. However, this also resulted in 

the detection of three proteins with 56-58% identity to the APH(3’)-Ia amino-acid sequence present 

in SAMN03571538_4_intact, SAMN09386619_1_intact and SAMN09760241_1_intact prophages and 

one in the Vibrio SAMN02368475 bacterial genome, unrelated to prophage sequences. Further 

investigation into RGI detection paradigms (Section 5.2.3) for these four sequences showed that they 

were marked as Loose cut-off hits for the fusC ARG encoding a fusidic acid inactivation enzyme. As 

such, SAMN02708867_1_intact-encoded APH(3')-Ia was also inspected. The RGI detection paradigm 

(Section 5.2.3) showed that it was a Loose hit upgraded to Strict due to 100% amino-acid identity with 

the reference sequence (CARD, June 2019) over the length of six amino-acids and was unlikely to 

represent an actual APH(3’)-Ia ARG. Similarly, VarG underwent Blastp analysis to detect its 

homologues in VC_231_0 prophage bacterial host genomes (Section 2.5.2). Five homologues were 

detected in Vibrios SAMN08939840, SAMN03358955, SAMN03571538, SAMN02368475 and 

SAMN06184571, none of which were related to prophage sequences. Finally, comparative analysis of 

selected prophages of VC_231_0 was performed (Section 5.2.4), which confirmed the presence of CDS 

similar to APH(3’)-Ia in prophages SAMN03571538_4_intact and SAMN09386619_1_intact (Figure 

5-14). 
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5.3.4.5 Viral cluster VC_263_0 

Viral cluster VC_263_0 comprised 61 elements: 24 intact, 10 questionable and 27 incomplete. RGI 

analysis (Section 5.2.3) resulted in the detection of three copies of the vgaC ARG, conferring resistance 

to streptogramin A antibiotics and related compounds, present in prophage-like elements 

SAMN06162268_1_intact, SAMN05890675_2_incomplete and SAMN06163187_2_incomplete. 

Subsequent Blastp analysis of bacterial genomes (Section 5.2.5) confirmed that the aforementioned 

vgaC ARGs were single copy genes, and no other vgaC genes or their homologues were present within 

bacterial hosts of prophages belonging to the viral cluster VC_263_0. However, comparative analysis 

of prophage-like sequences (Section 2.5.4) showed that in all three instances vgaC gene formed a 

cluster with another gene: tRNA(fMet)-specific endonuclease VapC, part of the VapB/VapC toxin-

antitoxin system (Figure 5-15). As such, the VgaC amino-acid sequence underwent Blastp analysis that 

indicated multiple DNA-binding domain-containing protein hits of >75% identity along the whole 

length of the protein sequence suggesting that it might represent the VapB component of the toxin-

antitoxin system. Finally, the RGI database was inspected; this showed that the reference sequence 

Figure 5-14 Blastp comparison of prophage-like elements belonging to viral cluster VC_231_0. Arrows 
indicate CDS; colours denote annotation: cyan – hypothetical proteins, orange – annotated phage 
proteins, red – varG ARG, blue – APH(3’)-Ia ARG. Greyscale bars denote Blastp identity between the 
marked regions. The Figure was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 
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(CARD, June 2019) used during this study was subsequently updated (CARD, April 2020) and the CDS 

present on these prophages is no longer marked as a vgaC ARG. 

 

 

 

5.3.4.6 Viral cluster VC_263_1 

VC_263_1 comprised three intact prophages: SAMN03358816_1_intact, SAMN06169655_1_intact 

and SAMN04145926_1_intact with SAMN03358816_1_intact encoding the vgaC ARG, conferring 

resistance to streptogramin A antibiotics and related compounds. Blastp analysis of bacterial genomes 

(Section 5.2.5) confirmed that the vgaC ARG was a single copy gene present only on 

SAMN03358816_1_intact prophage. Similar to cluster VC_263_0, the vgaC gene formed a cluster with 

the tRNA(fMet)-specific endonuclease VapC gene, part of the VapB/VapC toxin-antitoxin system. 

Accordingly, the reference sequence used for the detection of this ARG during this study (CARD, June 

2019) was updated (CARD, April 2020) and no longer marks the sequence as vgaC. Finally, prophage 

Figure 5-15 Blastp comparison of prophage-like elements belonging to viral cluster VC_263_0. Arrows 
indicate CDS; colours denote annotation: cyan – hypothetical proteins, orange – annotated phage 
proteins, red – vgaC ARG. Greyscale bars denote Blastp identity between the marked regions. The 
Figure was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 
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comparative analysis (Section 2.5.4) showed that the ARG was not detected in the remaining two 

prophages (Figure 5-16). 

 

 

5.3.4.7 Viral cluster VC_338_0 

Viral cluster VC_338_0 comprised 16 intact prophage sequences, including two prophages containing 

qnrVC6 ARGs, encoding a quinolone resistance protein. MASH distance analysis (Section 5.2.2) of a 

randomly selected representative phage (SAMD00006025_3_intact) against the database of all known 

phages indicated that the closest relative of phages belonging to cluster VC_338_0 was Vibrio phage 

pVa-8 (acc: KY658680), with 99.5% MASH similarity. Subsequent Blastp comparative analysis (Section 

5.2.4) of two ARG-encoding prophages, seven randomly selected non-ARG-encoding prophages 

belonging to VC_338_0 and Vibrio phage pVa-8 revealed multiple phage gene cluster duplications 

(Figure 5-17). Both ARG-encoding phages, SAMN03178218_2_intact and SAMN03177549_2_intact, 

and non-ARG-encoding SAMN03178219_2_intact contained duplicates of genes encoding a DNA N-6-

adenine-methyltransferase, repressor and anti-repressor proteins, and a putative lipoprotein (Figure 

5-17). As the qnrVC6 ARG was present only in two prophages with no similar CDS being detected in 

the remaining prophages belonging to the VC_338_0 cluster, prophage host organisms were searched 

for the presence of qnrVC6 ARG within their genomes. Blastp analysis (Section 5.2.5) showed that a 

single copy of qnrVC6 ARG was present in 10 bacterial host genomes: SAMN03178218 and 

SAMN03177549 which are the hosts of aforementioned qnrVC6 ARG-encoding prophages, and eight 

other bacterial genomes, where qnrVC6 is not related to any of the prophage sequences. In the 

remaining six Vibrio host genomes qnrVC6 or its homologues were absent.  

Figure 5-16 Blastp comparison of prophage-like elements belonging to viral cluster VC_263_1. Arrows 
indicate CDS; colours denote annotation: cyan – hypothetical proteins, orange – annotated phage 
proteins, red – vgaC ARG. Greyscale bars denote Blastp identity between the marked regions. The 
Figure was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 
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5.3.4.8 Viral cluster VC_360_0 

Viral cluster VC_360_ comprised 54 intact prophage sequences with SAMD00019129_1_intact 

encoding an OXA-198 beta-lactamase ARG. Blastp analysis of all host genomes (Section 5.2.5) 

indicated the presence of a similar gene (identity >84%) in all bacterial hosts within the prophage 

regions. As such, comparative analysis of prophages was undertaken (Section 5.2.4) including the 

sequence of Vibrio phage VCY-phi (acc: JN848801) which was included in PHASTER detection paradigm 

(Section 5.2.2) as the closest relative of the identified intact prophages (Figure 5-18). This showed that 

the OXA-198 ARG was mis-identified as a part of the gene which encoded the DNA replication initiation 

protein in the reference Vibrio phage VCY-phi (Figure 5-18). In depth analysis of the RGI detection 

Figure 5-17 Blastp comparison of prophage-like elements belonging to viral cluster VC_338_0. Arrows 
indicate CDS; colours denote annotation: cyan – hypothetical proteins, orange – annotated phage 
proteins, red – qnrVC6 ARG. Greyscale bars denote Blastp identity between the marked regions. 
Identical gene clusters were underlined with green colour. Vibrio phage pVa-8 (acc: KY658680) 
sequence used in the comparison was provided unannotated. The Figure was created using Easyfig 
v.2.2.2 (Sullivan, Petty, and Beatson 2011). 
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paradigm showed that it was yet another instance of a `Loose` hit being upgraded to Strict due to 

100% identity over the length of seven amino-acids against the reference OXA-198 sequence (CARD, 

June 2019). 

 

 

 

5.3.4.9 Viral cluster VC_376_0 

Viral cluster VC_376_0 consisted of three prophage-like sequences: SAMD00000395_5_questionable, 

SAMN03339663_5_incomplete and SAMD00017310_5_incomplete of which only 

SAMD00017310_5_incomplete encoded for an ARG: fluoroquinolone resistant parE. However, Blastp 

analysis of Vibrio host genomes (Section 5.2.5) indicated that the truncated gene was present in all 

three bacterial hosts, and in all cases it was related to the prophage-like sequences of VC_376_0. This 

was confirmed by comparative analysis of prophage-like sequences (Section 5.2.4), which confirmed 

that the parE gene present in SAMD00017310_5_incomplete corresponds to two and three CDS in 

SAMD00000395_5_questionable and SAMN03339663_5_incomplete, respectively (Figure 5-19). 

However, due to the short length of all three prophage-like sequences and the lack of annotated 

signature phage proteins, PHASTER detection paradigms for SAMD00000395_5_questionable, 

SAMN03339663_5_incomplete and SAMD00017310_5_incomplete were inspected. This showed that 

all three regions were marked as prophages only due to the Blastp similarity of the detected ParE 

protein with the Bacillus phage AR9 tail assembly protein. As such, it is highly unlikely that any of these 

regions represents an actual prophage. 

Figure 5-18 Blastp comparison of prophage-like elements belonging to viral cluster VC_360_0. Arrows 
indicate CDS; colours denote annotation: cyan – hypothetical proteins, orange – annotated phage 
proteins, red – OXA-198 ARG. Greyscale bars denote Blastp identity between the marked regions. 
Vibrio phage VCY-phi (acc: JN848801) sequence used in the comparison was provided unannotated. 
The Figure was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 
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5.3.4.10 Viral cluster VC_393_0 

Viral cluster VC_393_0 comprised 24 prophage-like elements including three intact, four questionable 

and 17 incomplete sequences. Only one sequence, SAMD00010696_1_intact, encoded an ARG: 

intrinsic colistin resistant phosphoethanolamine transferase ICR-Mo. Blastp analysis (Section 5.2.5) 

showed that it was a single copy gene present only within the aforementioned intact prophage. Closer 

inspection of the RGI detection paradigm (Section 5.2.3) showed that the ARG was a `Loose` hit 

upgraded to Strict due to 100% identity over the length of seven amino-acids with the reference ICR-

Mo sequence (CARD, June 2019). Comparative analysis of prophages (Section 5.2.4) indicated that 

there was a CDS of similar length to the detected ICR-Mo present on SAMN10761833_1_intact 

prophage (Figure 5-20). However, neither Blastp nor Blastx analysis resulted in any significant 

similarities being found between these regions, which stands in agreement with the prior Blastp 

analysis of bacterial host genomes (Section 5.2.5). 

Figure 5-19 Blastp comparison of prophage-like elements belonging to viral cluster VC_376_0. Arrows 
indicate CDS; colours denote annotation: cyan – hypothetical proteins, orange – annotated phage 
proteins, red – parE ARG. Greyscale bars denote Blastp identity between the marked regions. The 
Figure was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 

Figure 5-20 Blastp comparison of prophage-like elements belonging to viral cluster VC_393_0. Arrows 
indicate CDS; colours denote annotation: cyan – hypothetical proteins, orange – annotated phage 
proteins, red – ICR-Mo ARG. Greyscale bars denote Blastp identity between the marked regions. The 
Figure was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 
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5.3.4.11 Viral cluster VC_397_0 

Although viral cluster VC_397_0 comprised 18 prophage-like sequences, only three of them encoded 

ARGs: SAMN02708867_2_incomplete and SAMN06158907_2_incomplete encoding APH(3’)-Ia 

aminoglycoside phosphotransferase, and SAMN03358944_1_intact encoding a varG beta-lactamase. 

Bacterial host analysis using Blastp (Section 5.2.5) confirmed that both instances of APH(3’)-Ia were a 

single copy gene. However, Blastp analysis of the VarG resulted in the discovery of four bacterial 

genomes encoding varG: the aforementioned SAMN03358944 with the ARG being encoded on the 

prophage and three more Vibrios: SAMN02368475, SAMN03358955 and SAMN06184571, where the 

varG ARG was not linked to any of the prophages. Subsequently, comparative analysis of prophage 

sequences, including their closest relative (Section 5.2.2) Vibrio phage vB_VpaM_MAR (acc: JX556417) 

was performed (Section 5.2.4) (Figure 5-21). The analysis showed that ~40% of prophage 

SAMN03358944_1_intact genes could be aligned with Vibrio phage vB_VpaM_MAR (Figure 5-21). 

However, none of the genes responsible for the classification of SAMN03358944_1_intact as a part of 

VC_397_0 were common with Vibrio phage vB_VpaM_MAR. Furthermore, Blastp analysis failed to 

produce any alignments between the remaining prophage-like sequences and Vibrio phage 

vB_VpaM_MAR. Moreover, an inspection of the prophage-encoded varG ARG and the genes adjacent 

to it showed that this gene cluster was present in the remaining varG encoding Vibrios 

(SAMN02368475, SAMN03358955 and SAMN06184571), but was not related to any of the prophage 

sequences. This suggested that prophage SAMN03358944_1_intact might be an incomplete and a 

prior event, such as faulty integration, might have resulted in the truncation of the phage genome. 



 158 

 

 

5.3.4.12 Viral cluster VC_420_0 

Viral cluster VC_420_0, comprising 221 prophage-like elements, including two intact prophages, 

contained five elements (SAMN03176858_3_questionable, SAMN03652808_4_questionable, 

SAMN06606092_4_incomplete, SAMN03178184_4_questionable, SAMN06251408_2_incomplete) 

that encoded vgaC ARGs, conferring resistance to streptogramin A antibiotics and related compounds 

in Staphylococci. A closer inspection of the RGI detection paradigms for vgaC showed that in all five 

instances a Loose cut-off hit was upgraded to Strict due to 100% Blastp identity over the length of 

seven amino-acids to the reference VgaC sequence (CARD, June 2019). Blastp analysis of prophage 

host genomes (Section 5.2.5) resulted in the discovery of 209 copies of VgaC and its homologues 

(identity >90%), all of which were encoded on prophage sequences. Moreover, the analysis resulted 

in the discovery of mis-identified prophage regions by PHASTER. Prophage pairs: 

SAMEA4057610_2_questionable and SAMEA4057610_3_incomplete, SAMN03610461_1_incomplete 

and SAMN03610461_2_questionable, SAMN07258286_1_incomplete and 

SAMN07258286_2_incomplete, SAMN08979199_1_incomplete and SAMN08979199_2_incomplete, 

Figure 5-21 Blastp comparison of prophage-like elements belonging to viral cluster VC_397_0. Arrows 
indicate CDS; colours denote annotation: cyan – hypothetical proteins, orange – annotated phage 
proteins, red – APH(3’)-Ia ARG, blue – varG ARG. Greyscale bars denote Blastp identity between the 
marked regions. Vibrio phage vB_VpaM_MAR (acc: JX556417) sequence used in the comparison was 
provided unannotated. Figure was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 
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SAMN09261042_1_incomplete and SAMN09261042_2_incomplete overlapped each other and likely 

represented the same phage sequence, thus duplicating the number of VgaC homologues detected 

within the prophage regions. Finally, Blastp analysis failed to detect VgaC homologues (>90% identity) 

in the remaining seven prophages: SAMN10360552_4_incomplete, SAMN09261056_1_incomplete, 

SAMN09261049_1_questionable, SAMN02393824_2_incomplete, SAMN00222980_2_incomplete, 

SAMEA1405653_2_incomplete and SAMEA103920833_2_incomplete, and their host genomes. 

However, the Easyfig comparison of prophage genomes (Section 5.2.4) indicated the presence of CDS 

of the same length as vgaC ARG within the non-ARG-encoding prophage sequences (Figure 5-22). 

Subsequent Blastp analysis showed very low amino-acid sequence similarity (<25% identity) between 

those CDS and the VgaC (CARD, June 2019) sequence.  
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5.3.4.13 Viral cluster VC_494_0 

VC_494_0 comprised two questionable prophage-like sequences: SAMN03323806_1_questionable 

and SAMN03323919_1_questionable, both encoding for the same ARG – aminoglycoside 

acetyltransferase AAC(6’)-II. In both cases, the ARG was a single copy gene present only within the 

prophage sequence, as determined by Blastp analysis (Section 5.2.5). Comparative analysis of both 

prophage sequences using Blastp followed by Blastx (Section 2.5.4) showed 100% nucleotide identity 

between the aligned regions (Figure 5-23). 

Figure 5-22 Blastp comparison of prophage-like elements belonging to viral cluster VC_420_0. Arrows 
indicate CDS; colours denote annotation: cyan – hypothetical proteins, orange – annotated phage 
proteins, red – vgaC ARG. Greyscale bars denote Blastp identity between the marked regions. The 
Figure was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 
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5.3.4.14 Viral cluster VC_514_0 

VC_514_0 was a fourth cluster which comprised only two elements: SAMN10390787_2_incomplete 

and SAMN10390788_3_incomplete that encoded two different ARGs: sul1 sulphonamide resistant 

dihydropteroate synthase and OXA-2 beta lactamase. Blastp analysis of the host genomes (Section 

5.2.5) confirmed that both ARGs were present as single copy genes. Subsequent comparative analysis 

of the prophage-like elements using Blastp followed by Blastn (Section 5.2.4) showed 100% identity 

between both sequences (Figure 5-24).  

 

 

 

 

 

 

Figure 5-23 Blastx comparison of prophage-like elements belonging to viral cluster VC_494_0. Arrows 
indicate CDS; colours denote annotation: cyan – hypothetical proteins, orange – annotated phage 
proteins, red – AAC(6’)-II ARG. Greyscale bars denote Blastx identity between the marked regions. 
Figure was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 

Figure 5-24 Blastx comparison of prophage-like elements belonging to viral cluster VC_514_0. Arrows 
indicate CDS; colours denote annotation: cyan – hypothetical proteins, orange – annotated phage 
proteins, red – sul1 ARG, blue – OXA-2 ARG. Greyscale bars denote Blastx identity between the marked 
regions. The Figure was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 
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5.3.4.15 Viral cluster VC_548_0 

The largest number of ARGs were detected in VC_548_0, which comprised 14 incomplete and one 

questionable prophage-like element. All incomplete prophage-like sequences contained three ARGs 

each: TEM-1 beta lactamase, AAC(3)-IIc aminoglycoside acetyltransferase and CTX-M-15 beta 

lactamase (Figure 5-25). The single questionable prophage-like sequence encoded TEM-1, AAC(3)-IIc 

and dfrA30 dihydrofolate reductase, lacking the CTX-M-15 present in the incomplete prophage-like 

sequences (Figure 5-25). Although all of the aforementioned ARGs were present only as a single copy 

gene on their respective bacterial host chromosomes, both a Blastp search using the DfrA30 sequence 

(Section 5.2.5) and RGI analysis (Section 5.2.3) confirmed the presence of a different dihydrofolate 

reductase, dfrA1, on each of the bacterial genomes.  
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Figure 5-25 Blastn comparison of prophage-like elements belonging to viral cluster VC_548_0. Arrows 
indicate CDS; colours denote annotation: cyan – hypothetical proteins, orange – annotated phage 
proteins, red – AAC(3)-IIc ARG, blue TEM-1 ARG, pink – CTX-M-15 ARG, green – dfrA30 ARG. Greyscale 
bars denote Blastn identity between the marked regions. The Figure was created using Easyfig v.2.2.2 
(Sullivan, Petty, and Beatson 2011). 
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5.3.4.16 Viral cluster VC_550_0 

Viral cluster VC_550_0 comprised two incomplete prophage-like sequences: 

SAMEA3303410_1_incomplete and SAMEA3303411_2_incomplete, each encoding two ARGs: TEM-1 

beta lactamase and a AAC(3)-IIc aminoglycoside acetyltransferase. Blastp analysis (Section 5.2.5) of 

their bacterial hosts confirmed that both ARGs were present as single copy genes within the prophage 

region. Comparative Blastp analysis (Section 5.2.4) followed by Blastx analysis confirmed that both 

prophage regions were identical (Figure 5-26). 

 

 

5.3.4.17 Viral cluster VC_551_0 

VC_551_0 was another viral cluster comprising only two incomplete prophage-like sequences: 

SAMN04285996_2_incomplete and SAMN09982378_2_incomplete, each encoding two ARGs: dfrA12 

dihydrofolate reductase and TEM-1 beta lactamase. Blastp analysis of the host genomes (Section 

5.2.5) indicated that both prophage-encoded ARGs represented the only copy within these bacterial 

genomes. Comparative analysis of both prophage sequences performed using Blastp (Section 5.2.3) 

followed by Blastx resulted in 99.99% nucleotide sequence identity between both elements (Figure 

5-27). However, more detailed inspection of the PHASTER detection paradigms for both prophage-like 

sequences indicated the lack of genes encoding the phage proteins. Both 

SAMN04285996_2_incomplete and SAMN09982378_2_incomplete regions were marked as 

incomplete prophages due to the presence of a putative prohead core protein protease also present 

in Salmonella phage SJ46 (acc: NC_031129, locus: PP_01384). However, Blastp analysis of this gene 

indicates that it probably belongs to the gammaproteobacteria recombinase protein family (acc: 

WP_001337773.1) with 99.51% identity over 100% of the query. Moreover, both sequences encode 

only eight proteins each, which include the two aforementioned ARGs and a recombinase in addition 

Figure 5-26 Blastx comparison of prophage-like elements belonging to viral cluster VC_550_0. Arrows 
indicate CDS; colours denote annotation: cyan – hypothetical proteins, orange – annotated phage 
proteins, red – TEM-1 ARG, blue – AAC(3)-IIc ARG. Greyscale bars denote Blastx identity between the 
marked regions. The Figure was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 
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to the resolvase and integrase genes. As such, it is highly unlikely that either of 

SAMN04285996_2_incomplete or SAMN09982378_2_incomplete represents a prophage sequence. 

However, they might belong to a different type of mobile genetic element. 

 

 

 

5.3.4.18 Viral cluster VC_564_0 

Viral cluster VC_564_0 comprised three elements: SAMN07249013_2_incomplete, 

SAMN09111788_1_incomplete and SAMN09104650_2_incomplete each encoding dfrA1 

dihydrofolate reductase. Host genome analysis (Section 5.2.5) indicated that dfrA1 was a single copy 

gene present only within the prophage regions. However, comparative analysis using Blastp (Section 

5.2.4) showed a different length DfrA1 protein in SAMN07249013_2_incomplete when compared with 

proteins encoded by SAMN09111788_1_incomplete and SAMN09104650_2_incomplete. Subsequent 

Blastx analysis showed that the SAMN07249013_2_incomplete copy of dfrA1 contained a single 

nucleotide deletion which caused a frameshift that led to the incorporation of a stop codon within the 

protein sequence. Blastx comparative analysis led to the discovery of seven gaps and multiple SNPs 

that resulted in 99.21% identity between SAMN07249013_2_incomplete and the remaining two 

prophages (Figure 5-28).  

Figure 5-27 Blastx comparison of prophage-like elements belonging to viral cluster VC_551_0. Arrows 
indicate CDS; colours denote annotation: cyan – hypothetical proteins, orange – annotated phage 
proteins, red – dfrA12 ARG, blue – TEM-1 ARG. Greyscale bars denote Blastx identity between the 
marked regions. The Figure was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 
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5.3.4.19 Viral cluster VC_576_0 

Viral cluster VC_576_0 comprised only two incomplete prophage-like sequences: 

SAMEA1405505_3_incomplete and SAMEA103920840_2_incomplete that encoded dihydrofolate 

reductase dfrA15 and dfrA1, respectively, and sulphonamide resistant dihydropteroate synthase sul1, 

which was present on both prophages. Blastp analysis of the host genomes (Section 5.2.5) showed 

that the aforementioned ARGs were present on these bacterial genomes as a single copy gene. 

Prophage comparative analysis (Section 5.2.4) showed very high similarity between both regions, with 

SAMEA103920840_2_incomplete containing two additional CDS inserted between the ARGs (Figure 

5-29). Blastp analysis confirmed the presence of two different dfr ARGs (Section 5.2.5) with ~91% 

identity between them (Figure 5-29). 

 

 

 

Figure 5-28 Blastp comparison of prophage-like elements belonging to viral cluster VC_564_0. Arrows 
indicate CDS; colours denote annotation: cyan – hypothetical proteins, orange – annotated phage 
proteins, red – dfrA1 ARG. Greyscale bars denote Blastp identity between the marked regions. The 
Figure was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 

Figure 5-29 Blastp comparison of prophage-like elements belonging to viral cluster VC_576_0. Arrows 
indicate CDS; colours denote annotation: cyan – hypothetical proteins, orange – annotated phage 
proteins, red – sul1 ARG, blue – dfrA15 and dfrA1 ARGs. Greyscale bars denote Blastp identity between 
the marked regions. The Figure was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 
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5.3.4.20 Viral cluster VC_577_0 

The second largest group of ARGs was detected in VC_577_0 and comprised 17 questionable 

prophage-like elements, each containing a single ARG: dfrA14 dihydrofolate reductase (Figure 5-30). 

Blastn comparison of these prophage-like elements using default parameters (Section 5.2.4) showed 

>99% identity between the sequences, highly implicating that they represent same prophage (Figure 

5-30). In addition to the prophage-encoded dfrA14, each bacterial host also encoded a dfrA1 

dihydrofolate reductase gene, which was confirmed by RGI analysis (Section 5.2.3). 

 

Figure 5-30 Blastn comparison of prophage-like elements belonging to viral cluster VC_577_0. 
Arrows indicate CDS; colours denote annotation: cyan – hypothetical proteins, orange – annotated 
phage proteins, red – dfrA14 ARG. Greyscale bars denote Blastn identity between the marked 
regions. The Figure was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 
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5.3.4.21 Viral cluster VC_578_0 

VC_578_0 contained two incomplete prophage-like sequences: SAMEA103920813_1_incomplete and 

SAMN02393809_4_incomplete, each encoding dihydrofolate reductase (dfrA23). Blastp analysis 

(Section 5.2.5) indicated that both dfrA23 genes were present only within the prophage region of the 

bacterial genome. Comparative analysis using Blastp followed by Blastn (Section 5.2.4) showed 100% 

nucleotide identity between the aligned regions of both prophage-like sequences (Figure 5-31). 

However, in-depth analysis of PHASTER detection paradigms for both 

SAMEA103920813_1_incomplete and SAMN02393809_4_incomplete showed that both sequences 

were marked as prophages due to the presence of genes that were similar to the integrase present in 

Mycobacterium phage Squirty and a putative protease from Vibrio phage nt-1. Moreover, no other 

phage gene clusters or genes were detected within the Vibrio SAMEA103920813 host sequence, 

suggesting that both SAMEA103920813_1_incomplete and SAMN02393809_4_incomplete are not 

prophages, but might represent different mobile genetic elements such as transposons or integrons. 

 

 

 

 

 

 

 

 

 

 

Figure 5-31 Blastx comparison of prophage-like elements belonging to viral cluster VC_578_0. Arrows 
indicate CDS; colours denote annotation: cyan – hypothetical proteins, orange – annotated phage 
proteins, red – dfrA23 ARG. Greyscale bars denote Blastx identity between the marked regions. The 
Figure was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 
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5.3.4.22 Viral cluster VC_595_0 

The third largest number of ARGs was identified within VC_595_0, a cluster comprising 36 prophage-

like sequences, with ten prophage-like sequences encoding the mupB ARG and an isoleucyl-tRNA 

synthetase conferring resistance to mupirocin (Seah et al., 2012). More detailed inspection showed 

that although the detected ARGs’ length was only ~10% of the reference MupB sequence (CARD, June 

2019), Blastp identity of >95% over the length of nine amino-acids resulted in the upgrade of all Loose 

cut-off hits to Strict, as per default RGI detection paradigms (Alcock et al., 2019). All ten ARG-encoding 

prophage-like sequences and seven randomly selected prophage-like sequences belonging to the 

VC_595_0 cluster underwent Blastp comparative analysis using default parameters (Section 5.2.4) 

(Figure 5-32). This led to the discovery of multiple sequences homologous with the detected ARGs 

(>92% identity) in the remaining prophage-like sequences. Moreover, Blastp analysis of prophage host 

genomes (Section 5.2.5) showed that mupB ARGs were only found encoded within prophage 

sequences. The only exception was Vibrio SAMN05418241, in which two copies of mupB were present: 

one found within the prophage sequence and the other one unrelated to prophages (CDS: 

SAMN05418241_04506).  
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Figure 5-32 Blastp comparison of prophage-like elements belonging to viral cluster VC_595_0. Arrows 
indicate CDS; colours denote annotation: cyan – hypothetical proteins, orange – annotated phage 
proteins, red – mupB ARG. Greyscale bars denote Blastp identity between the marked regions. The 
Figure was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 
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5.3.4.23 Viral cluster VC_698_0 

Cluster VC_698_0 comprised four prophage-like elements of which only one, 

SAMN09386766_2_questionable, contained a vanSA ARG, encoding a glycopeptide resistance gene. 

The RGI detection paradigm for this gene resulted in a Loose hit being upgraded to Strict due to 100% 

Blastp identity over the length of eight amino acids towards the reference VanSA sequence (CARD, 

June 2019). Blastp analysis (Section 5.2.5) showed that the gene was present only in Vibrio 

SAMN09386766, in two copies: one within the SAMN09386766_2_questionable prophage and one 2 

kb upstream of the detected SAMN09386766_2_questionable prophage sequence. Prophage 

comparative analysis (Section 5.2.4) showed low similarity between the prophage-like elements of 

cluster VC_698_0 (Figure 5-33). Moreover, both prophage-like sequences identified within Vibrio 

SAMN04241617: SAMN04241617_3_incomplete and SAMN04241617_4_incomplete were closely 

related to each-other using the PHASTER prophage detection algorithm (Section 5.2.2), indicating 

similarity between the largest CDS of both sequences and major tail protein of Salmonella phage BP63 

(acc: NC_031250) (Figure 5-33). 

 

 

 

5.3.4.24 Viral cluster VC_705_0 

Viral cluster VC_705_0 comprised only three elements: SAMN02470877_1_incomplete, 

SAMN05418043_3_incomplete and SAMN04017838_1_incomplete of which only 

SAMN02470877_1_incomplete encoded a 23S ribosomal RNA methyltransferase ermG. This ARG was 

only present in Vibrio SAMN04017838 within the prophage region, as confirmed by Blastp analysis 

Figure 5-33 Blastp comparison of prophage-like elements belonging to viral cluster VC_698_0. Arrows 
indicate CDS; colours denote annotation: cyan – hypothetical proteins, orange – annotated phage 
proteins, red – vanSA ARG. Greyscale bars denote Blastp identity between the marked regions. The 
Figure was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 
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(Section 5.2.5). Comparative analysis of all three prophage-like elements (Section 5.2.4) showed only 

a few hypothetical proteins common to all three prophages (Figure 5-34). Subsequent analysis using 

the RGI detection paradigm showed that the detected ARG was a Loose hit upgraded to Strict due to 

100% identity towards the reference ErmG sequence (CARD, June 2019) over the length of six amino-

acids. 

 

 

5.3.5 ARGs encoded by unclustered prophage-like sequences 

Unclustered prophages encoded a total of 37 ARGs: 7 Perfect and 30 Strict cut-off hits. However, more 

detailed inspection of RGI detection paradigms showed that out of 30 Strict hits, 17 were Loose hits 

upgraded to Strict due to 100% identity over a sequence of five to eight amino-acids against their 

respective reference sequences (CARD, June 2019) (Appendix 14). Five instances of multiple ARGs 

present on a single prophage-like sequence were detected: six on SAMN10364850_3_questionable, 

three on SAMN03104884_3_incomplete and SAMEA104090880_1_incomplete, and two on 

SAMN03177521_3_intact and SAMN08979148_2_incomplete (Appendix 14).  

Prophage-like sequence SAMN10364850_3_questionable encoding six ARGs: CARB-4 beta 

lactamase, catI chloramphenicol acetyltransferase, APH(3'')-Ib and APH(6)-Id aminoglycoside 

phosphotransferases, and tet(A) and tetR antibiotic efflux pumps was found on a known Vibrio 

cholerae multidrug-resistant conjugative plasmid pVCR94 (Carraro et al., 2014). A closer inspection of 

the PHASTER detection criteria for this region (Section 5.2.1) revealed that it was considered a 

prophage-like element due to the presence of eight hypothetical proteins and ten proteins present in 

other phages. Out of these, two encoded ARGs: chloramphenicol acetyltransferase, CAT, present in 

Escherichia phage vB_EcoP_24B (acc: NC_027984) and CARB-4 beta-lactamase similar to Salmonella 

phage SJ46 (acc: NC_031129) hypothetical protein (E-score: 4.32e-57), with the remaining six genes 

Figure 5-34 Blastp comparison of prophage-like elements belonging to viral cluster VC_705_0. Arrows 
indicate CDS; colours denote annotation: cyan – hypothetical proteins, orange – annotated phage 
proteins, red – ermG ARG. Greyscale bars denote Blastp identity between the marked regions. The 
Figure was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 
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being related to various transposases. Only two genes encoded products similar to phage proteins: 

gp6 from Burkholderia phage KS14 (acc: NC_015273) and a prohead core protein protease from 

Salmonella phage SJ46 (acc: NC_031129). The remaining eight hypothetical proteins shared no 

resemblance to any known or hypothetical proteins in other phages.  

With the ARG sequences being encoded on unclustered prophage-like sequences the 

comparative analysis between different prophage-like sequences was impossible to perform.  

 

 

5.4 Discussion 

 

5.4.1 Vibrio prophage database  

The database created for the purpose of this project represents the largest to date (April 2020) 

collection of Vibrio genomes and their respective prophages, with 8,681 bacterial and 17,163 

prophage-like sequences (Section 5.3.1), surpassing the prior largest collection (Castillo et al., 2018) 

of 1,874 Vibrios and 5,674 prophage-like elements over three times. The distribution of the Vibrio 

genomic sequences by species is concurrent with their importance as human pathogens (Finkelstein, 

1996; Kokashvili et al., 2015). Genomic sequences of Vibrio cholerae, a causative agent of cholera 

disease (Clemens et al., 2017), are the most abundant and represent 67.2% of the genome collection, 

followed by Vibrio parahaemolyticus, the most common causative agent of Vibrio related foodborne 

diseases (Lee et al., 2001), at 16.5% and Vibrio vulnificus, responsible for wound infections and 

septicaemia with high fatality rates (Heng et al., 2017), at 3.5%.  

PHASTER analysis of all Vibrio genomic sequences (Section 5.3.1) showed that poly-lysogenic 

Vibrios are common, with >51% of bacterial genomes containing more than one prophage. This is in 

line with a previous analysis in which >61% of the analysed Vibrio genomes contained two or more 

prophages (Castillo et al., 2018). Moreover, a separate analysis of 2,110 complete bacterial genomes 

from a range of phyla showed that integrated hages were present in >46% of them, with most of the 

genomes containing more than one prophage (Touchon et al., 2016), indicating that poly-lysogeny is 

common and not limited to Vibrio spp. PHASTER prophage detection cut-offs (Zhou et al., 2011; Arndt 

et al., 2016) indicated that 47.5% of the sequences represented intact prophages, 47.3% incomplete 

prophage-like sequences and only 5.2% questionable sequences. However, in depth analysis of the 

selected viral clusters (Section 5.3.4) showed that PHASTER detection paradigms tend to inflate the 

number of the detected prophage-like sequences. As each gene of the putative prophage region is 

compared with the database of prophage genes, the best hit’s (lowest E-score) annotation is scanned 
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for the presence of keywords such as “protease”, “transposase” or “tail fibre”. This can subsequently 

lead to mis-identification of prophages. For example, the element SAMEA103920813_1_incomplete 

(Section 5.3.4.21) was marked as a putative incomplete prophage region due to the presence of genes 

similar to phage-encoded protease, transposase and integrase. However, none of the genes in this 

putative prophage region have any similarity with known signature phage genes such as DNA 

polymerase, capsid or tail proteins (Section 5.3.4.21). This suggests that the region represents a 

different mobile genetic element, probably a transposon or integron. Furthermore, analysis of the 

genes within a putative prophage region is performed using only a phage gene database, which can 

lead to mis-identification of known genes as signature phage genes. For example, the region 

SAMN09982378_2_incomplete was marked as a prophage due to the presence of a prohead core 

protein protease similar to the one present in Salmonella phage SJ46 (Section 5.3.4.17). However, 

Blastp analysis of the predicted putative protease against the GenBank protein sequence database 

showed that it belongs to the Gammaproteobacteria recombinase protein family (99.51% identity 

over 100% of the query), and is unrelated to the aforementioned phage gene (Section 5.3.4.17).  

Finally, known plasmids were also marked as containing prophage regions. For example, a 

fragment of Vibrio cholerae multidrug-resistant conjugative plasmid pVCR94 (Carraro et al., 2014) was 

mis-identified as a questionable prophage SAMN10364850_3_questionable (Section 5.3.5). However, 

it is not feasible to disregard all the questionable and incomplete phage sequences, as they can 

represent truncated phage sequences split between different contigs during the bacterial genome 

assembly, as exemplified by SAMN07739091_3_intact (Section 5.3.4.2). Furthermore, the selection of 

a prophage detection software can also lead to different results (Reis-Cunha et al., 2019). A 

comparison of five different prediction tools: Prophinder (Lima-Mendez et al., 2008), PHAST (Zhou et 

al., 2011), PHASTER (Arndt et al., 2016), PhiSpy (Akhter et al., 2012) and ProphET (Reis-Cunha et al., 

2019) showed that PHASTER detected the most prophage-like sequences out of all tested software. 

However, it also had a higher false-positive detection rate than ProphET, due to the PHASTER phage 

database annotation issues observed above. Nevertheless, at the time of the analysis PHASTER was 

the most accurate and sensitive tool available. Finally, prophage detection in silico will always require 

experimental validation such as prophage induction experiments to confirm the functionality of the 

predicted prophage.  

 

5.4.2 Vibrio prophage diversity 

Integrated phages are highly prevalent in the genus Vibrio, with filamentous phages belonging to the 

family Inoviridae being the most common (Hazen et al., 2010; Castillo et al., 2018). Prophages were 

previously detected and characterised for a range of Vibrios, such as Vibrio cholerae (Waldor and 
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Mekalanos, 1996; Faruque et al., 2005; Campos et al., 2010), V. alginolyticus (Chibani et al., 2019b), V. 

campbellii (Lorenz et al., 2016), V. harveyi (Oakey and Owens, 2000),  V. mimicus (Boyd et al., 2000), 

V. parahaemolyticus (Chang et al., 1998; Nasu et al., 2000; Chang et al., 2002) and V. vulnificus 

(Pryshliak et al., 2014). However, the results of analyses performed in this study show that Vibrios 

harbour a plethora of yet-to-be characterised prophages which are not related to any known phages. 

Nucleotide sequences of detected intact propages were compared with sequences of already 

known and described Vibrio phages. This was done using MASH distance analysis (Section 5.2.2) which 

was shown to be equivalent to ANI at >95% sequence identity (Ondov et al., 2016). The analysis 

resulted in the assignment of 6,025 intact prophages out of 8,144 total sequences to 37 known phage 

species. The most common closest relative of identified prophages was Vibrio virus CTXphi with 4,292 

instances, which was expected due to the over-representation of human pathogenic Vibrio cholerae 

genomes in the database. However, the distribution of CTXphi-like prophage sequences was spread 

between various strains of CTXphi with different genome sizes: 2,501 identified prophages were 

similar to strain (accession) GQ485650 with a genome size of 10,628 bp, 800 to KF664567 with a 

14,849 bp long genome, 575 to HQ224500 with a 10,638 bp genome and 49 to MF155889 with a 6,698 

bp long genome, and finally 22 prophages were closely related to KT728930 with a 5,215 bp long 

genome representing Vibrio phage pre-CTX. Further investigation of the aforementioned phages 

showed that they probably represent CTXphi phage genomes formed via the rolling circle replication 

(acc: MF155889) (Pant et al., 2019), by replication from the tandemly integrated phage (acc: 

KF664567, HQ224500, GQ485650) (Davis and Waldor, 2000), evident by the duplication of selected 

CTXphi genes, and Vibrio phage pre-CTX which lacks cholera toxin ctxAB genes (acc: KT728930) (Pant 

et al., 2019). However, prophage detection using PHASTER is not accurate when trying to resolve two 

or more tandemly integrated prophages, as they will often be marked as a single sequence. Thus, 

although CTXphi-like prophage sequences can be detected with high accuracy due to the presence of 

signature CTXphi genes such as rstA, rstB, zot or ace, their exact composition is difficult to determine, 

especially when other prophage and prophage-like sequences such as duplicate CTX, TSL, RS1 (Davis 

and Waldor, 2000; Kim et al., 2017) are present nearby on the bacterial chromosome. Nevertheless, 

this study resulted in the discovery of 13 different variants of CTXphi prophage and five variants of 

pre-CTXphi which confirms their enormous diversity. Moreover, novel variants of the aforementioned 

prophages are still being discovered, with the most recent discovery showing an example of a pre-

CTXphi prophage that can integrate into the small Vibrio cholerae chromosome alongside the CTXphi 

already present in a large chromosome (Li et al., 2020). Finally, this study resulted in the discovery of 

two instances of a Vibrio phage CTXphi in Vibrio mimicus: SAMN02470248_1_intact and 

SAMN03996329_1_intact, both with >98% MASH similarity to Vibrio virus CTXphi (acc: MF155889), 



 176 

confirming the previously reported possibility of CTXphi integration with a range of Vibrio mimicus 

strains (Faruque et al., 1999; Boyd et al., 2000). 

The second largest group of prophages was also discovered in Vibrio cholerae and comprised 

566 instances of Vibrio phage 919TP (Shen et al., 2016) and 229 instances of Vibrio phage VPUSM 8 

(Al-Fendi et al., 2017), both phages belonging to the Vibrio phage K139 phage genus. Phage 919TP is 

a temperate phage from the Vibrio cholerae serogroup O1 El Tor that is commonly used in cholera 

surveillance in China (Shen et al., 2016), whereas phage VPUSM 8 was reported to be lytic against 

Vibrio cholerae O1 El Tor Inaba strain (Al-Fendi et al., 2017) and suggested as a potential Vibrio 

cholerae biocontrol agent. However, as Vibrio phages of the K139 species are known to lysogenise a 

range of Vibrio cholerae strains, and with the comparative analysis of Vibrio prophages showing that 

VPUSM 8 has >99% nucleotide identity with Vibrio phage 919TP, and furthermore, with the confirmed 

presence of an integrase gene within the VPUSM 8 genome this would suggest otherwise, and indicate 

that VPUSM 8 might be a temperate phage that was lytic only to a particular Vibrio cholerae strain. 

 The third largest group of detected prophages were related to Vf33, VfO3K6 and VfO4K68 

Vibrio parahaemolyticus filamentous phages (Taniguchi et al., 1984; Chang et al., 2002). Although the 

vast majority of the prophages were identified within Vibrio parahaemolyticus genomes, there were 

three instances of VfO3K6-like and 14 instances of VfO4K68-like prophages found within Vibrio 

alginolyticus genomes. This is in accordance with recent research showing that Vibrio alginolyticus can 

harbour prophages that are closely related to both VfO3K6 and VfO4K68 (Chibani et al., 2019b). 

Similarly, phages related to Vibrio phage K05K4_VK05K4_2 have also been found in both Vibrio 

alginolyticus and Vibrio parahaemolyticus genomes. However, the discovery of prophages common 

to both Vibrio species was expected, as Vibrio alginolyticus and Vibrio parahaemolyticus are closely 

related species belonging to the Vibrio harveyi clade (Pérez-Cataluña et al., 2016). 

 Finally, prophages similar to the filamentous Vibrio phage VEJphi (Campos et al., 2010) were 

discovered in 30 Vibrio cholerae genomes and in a single Vibrio parahaemolyticus genome (acc: 

SAMN03945150). Phage VEJphi was implicated to be able to integrate into a dif site on the Vibrio 

cholerae genome (Campos et al., 2010), the same site used for phiCTX integration (Pant et al., 2019). 

This was confirmed by an experiment in which VEJphi lysogenised Vibrio cholerae and was 

subsequently used to transfer phiCTX into a CTXphi-free Vibrio cholerae strain (Campos et al., 2010). 

As such, the discovery of a VEJphi-like prophage in Vibrio parahaemolyticus indicates that it might be 

possible for phiCTX to be mobilised by VEJphi and integrated into the Vibrio parahaemolyticus genome 

further increasing the range of Vibrios that can produce cholera toxin.  
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The remaining 2,119 intact prophage sequences that had <95% ANI to any known Vibrio 

phages might represent new phages, with MASH and ViPTree analyses being insufficient to determine 

their relationships with known phages.  

 

5.4.3 Vibrio prophage clustering analysis 

To determine the relationship between the detected prophages and prophage-like sequences a 

vContact2 clustering approach was undertaken (Section 5.3.2). All 17,163 detected Vibrio prophage-

like sequences and 2,241 reference phage sequences were clustered using vContact2 (Bolduc et al., 

2017; Bin Jang et al., 2019). However, only 6,480 prophage-like elements, including 3,197 intact 

prophages were assigned to clusters. Out of these, 1,051 intact prophages were assigned to 11 

separate clusters containing a known relative (Section 5.3.2). The majority of these prophages 

represented relatives of known Inoviruses infecting V. cholerae such as VEJphi, fs1 or fs2, K139 

infecting V. parahaemolyticus (Vf33, VfO3K6) or V. mimicus (VHML). The remaining 4,940 intact 

prophages either overlapped two contigs (763 elements), were outliers (306 elements) or were 

marked as singletons (3,871 elements). This would indicate that >50% of the intact prophages were 

not related to any other prophage in the database. This seemed suspicious as MASH analysis (Section 

5.3.2, Section 5.4.2) indicated that 6,025 intact prophages could be related to known Vibrio phages 

based on their nucleotide sequence alone. 

Clustering using vContact2 takes into an account the proportion of shared genes between two 

viral genomes (Bolduc et al., 2017). Although this helps to differentiate between prophages of vastly 

different lengths with similar protein profiles (Bolduc et al., 2017), it results in too high clustering 

resolution when analysing short (<10 kb) prophages with a small number of genes. Vibrio phage 

CTXphi with a genome length of 7 kb encoding 10 proteins (Pant et al., 2019) is a prime example of 

this. Clustering analysis using vContact2, followed by MASH analysis to identify a representative phage 

for each cluster (Section 5.2.2, Section 5.3.2) indicated that nine clusters VC_471_0, VC_532_0, 

VC_533_0, VC_534_0, VC_535_0, VC_536_0, VC_555_0, VC_591_0 and VC_598_0 contained 

prophage sequences closely related (>93% MASH similarity) to Vibrio phage CTXphi (Appendix 13). 

However, it became apparent that prophages were assigned to nine different clusters based on their 

genome lengths. For example, VC_471_0 contained intact prophages of ~6-9 kb length (mis-

identification of the region during PHASTER analysis resulted in the merger of CTXphi sequence with 

another adjacent prophage), VC_532_0 of ~15 kb in length (two adjacent CTXphi sequences identified 

as a single prophage) and VC_533_0 of ~5kb in length containing truncated CTXphi phages lacking 

Repeat Sequence 2 (Pant et al., 2019). However, MASH analysis of the representatives for each cluster 

indicated that there were only 332 intact CTXphi-like prophages clustered (Appendix 13). Subsequent 
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inspection of non-clustered intact prophages showed that most of them were linked to the protein 

clusters present in the reference CTXphi (acc: HQ224500). This indicated that vContact2 failed to 

cluster most of the CTXphi-like prophages. 

 Nevertheless, the analysis of viral contigs that contained at least one intact prophage showed 

that 24 viral clusters contained representatives related to known phages (MASH identity >95%), with 

another eight viral clusters passing the >90% MASH identity threshold. The remaining 93 viral clusters 

with a <90% MASH identity threshold suggested that phages belonging to these clusters were new 

and not closely related to any other known phage. Finally, seven viral clusters (VC_234_0, VC_356_0, 

VC_457_0, VC_485_0, VC_493_0, VC_677_0, VC_679_0) containing 133 prophage-like sequences had 

0% similarity with any known phages, indicating that they contained new, yet to be described 

prophages (Appendix 13). 

Moreover, clustering analysis showed that selected viral clusters contained prophages 

detected within different Vibrio species. For example, cluster VC_231_0 (42 elements) contained 

prophages of Vibrio alginolyticus, Vibrio campbellii, Vibrio cyclitrophicus, Vibrio fluvialis, Vibrio 

parahaemolyticus and Vibrio vulnificus. Cluster VC_239_0 (23 elements with 96% MASH identity to a 

representative prophage with filamentous phage VFJ, acc: KC357596) contained prophages identified 

within Vibrio cholerae, Vibrio fluvialis and Vibrio vulnificus whereas cluster VC_355_0 (48 elements) 

contained prophages from Vibrio alginolyticus and Vibrio parahaemolyticus related to Vibrio phage 

VfO4K68 (MASH identity 96%), confirming the previous MASH-based prophage diversity analysis 

(Section 5.4.2). This is in agreement with previous analyses that suggested the prevalence of related 

filamentous phages across multiple Vibrio species (Hazen et al., 2010; Lorenz et al., 2016; Chibani et 

al., 2019b). 

 

5.4.4 Prophage-encoded ARGs 

Analysis of the 17,162 prophage-like elements led to the discovery of 49 with perfect cut-off which 

are identical with CARD reference sequences (Jia et al., 2017; Alcock et al., 2019) and 110 strict cut-

off ARGs, which might represent previously unknown variants of known AMR genes (Alcock et al., 

2019). Overall, ARGs were present in 0.93% of the prophage-like sequences with perfect cut-off hits 

representing 0.016% and strict cut-off hits 0.035% of all detected CDS. Although these results are in 

agreement with an ARG detection rate of 0.02% from total viral predicted genes (Debroas and Siguret, 

2019), the ratios are much higher than the 0% to 0.0028% observed in their prophage-only samples. 

However, these authors indicated that prophages were under-represented compared to free viral 

particles (Debroas and Siguret, 2019), which should not be the case in this study. Moreover, 48 strict 

cut-off ARGs represented loose cut-off hits upgraded to strict due to high amino-acid sequence 
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identity over 6 to 8 amino-acids, which is mainly used for exploratory analyses and detecting putative 

novel ARGs (Alcock et al., 2019). Comparative prophage analyses (Section 5.3.4), for example of viral 

cluster VC_263_0 (Section 5.3.4.5), showed that those ARGs are often mis-identified. As such, taking 

into account the prior suggestion for ARG detection cut-offs (Enault et al., 2017), they were 

disregarded from further analyses. 

 During the analysis no perfect hits were detected on intact prophage sequences, and only 

three on questionable prophage-like sequences, whereas strict hits were split almost equally between 

intact, questionable and incomplete prophage-like sequences (Section 5.3.3). Furthermore, although 

the majority of prophage-like sequences encoded only one ARG (Section 5.3.3), there were 17 

instances of prophage-like elements encoding three ARGs each and one instance of six ARGs being 

present on previously described multidrug-resistant conjugative plasmid pVCR94 (Carraro et al., 

2014). 

The majority of the detected ARGs were conferring resistance by inactivation of the antibiotic 

molecules, followed by target replacement and target alteration (Section 5.3.3). Only a few ARGs were 

marked as taking part in antibiotic efflux, which contradicts the previous critique of the CARD database 

over-representing antibiotic efflux pumps (Enault et al., 2017). Most of the ARGs provided resistance 

against beta-lactams, followed by diaminopirymidine and aminoglycoside antibiotics. The genes 

responsible for this resistance included a variety of beta-lactamases such as TEM-1 (Salverda et al., 

2010), CTX-M (Poirel, 2002) or OXA (Holland and Dale, 1984), trimethoprim resistant dihydrofolate 

reductases dfrA (Kumar and Thomas, 2009) and aminoglycoside acetyltransferases AAC (Shaw et al., 

1993), nucleotidyltransferases ANT (Zhang et al., 2017) and phosphotransferases APH (Ramirez and 

Tolmasky, 2010). Finally, there were 15 instances of vgaC, the ABC-F subfamily protein conferring 

resistance to streptogramin A antibiotics (Novotna and Janata, 2006).  

Clustering followed by comparative analysis of prophage-like elements (Section 5.3.4) 

confirmed that the majority of loose cut-off ARG hits that were upgraded to strict represent different 

genes, such as the putative vgaC ARG being the VapB/VapC toxin-antitoxin system in viral clusters 

VC_263_0 (Section 5.3.4.5) and VC_263_1 (Section 5.3.4.6). Moreover, comparative analyses resulted 

in the detection of prophage-encoded ARGs on prophage hosts within the same viral cluster. For 

example, VC_338_0 (Section 5.3.4.7) contained two intact prophages encoding the quinolone 

resistance gene qnrVC6. This analysis indicated that the same gene was present in eight other bacterial 

genomes but was unrelated to the prophage sequences present on the chromosomes. Furthermore, 

qnrVC6 genes represented the first CDS on both prophage sequences. As such, it is possible that both 

prophages integrated close to the ARGs that were already present on the bacterial genome. This 

however does not implicate that during the excision and packaging of a prophage genome, the ARGs 
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might not get incorporated into the prophage capsid. Induction experiments would be the only way 

to determine whether the ARGs could be packaged into the viral capsids and transferred to other cells 

by either specialized or lateral transduction. 

Another viral cluster, VC_548_0, comprised 15 prophage-like sequences, each encoding three 

ARGs. The majority of these were TEM-1 and CTX-M-1 beta-lactamases. All these prophage-like 

sequences were detected from Vibrio cholerae collected during a single cholera outbreak in Dadaab 

refugee camp, Kenya, in 2009/2010 (NCBI project acc: PRJEB19288). It was noted that these Vibrio 

cholerae strains were resistant to third generation cephalosporins (acc: PRJEB19288), which might be 

explained by the TEM-1 and CTX-M-1 beta lactamases detected in this study. Furthermore, although 

third generation cephalosporin-resistant Vibrio cholerae strains were previously identified (Ceccarelli 

et al., 2016), this study represents the first time beta-lactamases were identified on prophage-like 

elements. 

 Finally, the only way to determine whether the identified prophage-like sequence actually 

represents a functional prophage is by performing induction experiments. Similarly, the functionality 

of the prophage-encoded ARG can only be determined via a functional genomics approach. Although 

the perfect hits against the CARD curated ARG reference database should translate into functional 

ARGs, as only confirmed functional genes are added to the sequence depository, it is still necessary to 

determine whether these ARGs can actually confer resistance to the bacteria.  
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6.1 Introduction  

 

6.1.1 Phage and prophage-encoded ARGs 

Antimicrobial resistance genes have been identified in phage fractions obtained from various 

environments (Section 1.6.2) including urban sewage and river water samples (Colomer-Lluch et al., 

2011b), activated sludge and wastewater from water treatment plants (Calero-Caceres et al., 2014; 

Colomer-Lluch et al., 2014), hospital water samples (Marti et al., 2014), cattle pig and poultry faecal 

waste (Colomer-Lluch et al., 2011a) and the animal gut (Modi et al., 2013). Furthermore, analyses of 

metagenomic virome datasets obtained during sampling of the marine environment, for example 

during the TARA Oceans project (Pesant et al., 2015), confirmed the prevalence of ARGs in the 

prophage fraction of the samples (Section 1.6.2) (Debroas and Siguret, 2019). 

Although heterologous expression of phage-encoded genes such as lysins was previously 

performed (Mayer et al., 2010; Simmons et al., 2010), the experiments on phage-encoded ARGs were 

limited. A range of experiments were performed to determine whether ARGs detected within the 

phage fraction were functional. Transformation of E. coli with DNA extracted from the viral fraction 

isolated from sewage samples resulted in bacteria acquiring ampicillin resistance (Colomer-Lluch et 

al., 2011b). In a separate experiment, four ARGs detected within 1,181 reference phage genomes via 

bioinformatics approaches using an exploratory detection threshold underwent functional analysis, 

failing to provide an increase in antimicrobial resistance for the tested E. coli strain (Enault et al., 

2017). Recently, a different viral metagenome obtained from Han River was scanned for the presence 

of ARGs, followed by the functional analysis of the candidate genes, resulting in the discovery of a 

novel sub-clade of beta-lactamases (Moon et al., 2020). 

 

6.1.2 Aims 

ARGs have been shown to be prevalent in phage fractions isolated from virtually all environments: 

from seas and oceans (Debroas and Siguret, 2019), through rivers, sewage (Colomer-Lluch et al., 

2011b) and slurry (Colomer-Lluch et al., 2011a) to animal guts (Modi et al., 2013). Experiments 

confirming that they are functional and can confer resistance to bacteria (Parsley et al., 2010; 

Colomer-Lluch et al., 2011b), have focused only on ARGs discovered within phageomes and reference 

phage sequences (Parsley et al., 2010; Colomer-Lluch et al., 2011b; Enault et al., 2017). However, no 

experiments to date were performed to determine the functionality of prophage-encoded ARGs and 

their feasibility of increasing their respective host’s resistance to antibiotics. As such, the aim of this 
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chapter was to validate the functionality of previously predicted (Section 5) prophage-encoded ARGs 

within the genus Vibrio. 

 

To do this a number of objectives were set: 

1. Select and synthesize a diverse range of ARGs discovered within the Vibrio prophages. 

2. Clone the synthesized ARGs into an expression vector 

3. Determine whether the ARGs are functional and establish their MIC values. 

 

 

6.2 Methods 

 

6.2.1 Selection of ARGs for functional analysis; design of g-blocks for synthesis 

Nine ARGs identified using RGI software (Section 5.2.4) (Appendix 11) with the CARD database (March 

2017) within Vibrio prophage sequences (Section 5.2.1) during the preliminary database test phase 

(March 2017) were selected for the functional analysis. Selection criteria were as follows: only Strict 

(excluding upgraded Loose quality hits) and Perfect cut-off results based on RGI detection paradigm 

(Jia et al., 2017) at the time of the analysis (March 2017) were allowed, with only one ARG being 

randomly selected for each antibiotic class. Selected ARG nucleotide sequences were extracted and 

synthesised as dsDNA oligonucleotide “g-blocks” (Integrated DNA Technologies, IDT) in two groups, 

to be used for cloning into the expression vectors (Section 2.1.4). The first group comprised of g-blocks 

containing only the ARG nucleotide sequence for cloning into plasmid pSB1A2 (Table 6-1, Figure 6-1, 

Appendix 15). The second group of g-blocks included (5’ to 3’): the J23119 constitutive E. coli promoter 

sequence (Yan and Fong, 2017), B0034 RBS (IGEM, 2020a), the ARG sequence and B0010 terminator 

sequence (IGEM, 2020b) for cloning into plasmid pBBR1MCS2 (Table 6-1, Figure 6-1, Appendix 15).  

 

Table 6-1 ARG g-blocks used for cloning into the expression vectors. 
Group ARG name Antibiotic resistance g-block contents Vector 

1 

ANT(3'')-IIa Streptomycin ANT(3'')-IIa ARG 

pSB1A2 

cat Chloramphenicol cat ARG 
dfrA1 Trimethoprim dfrA1 ARG 
gyrA Fluoroquinolones gyrA ARG 
ugd Polymyxin E ugd ARG 

SAT-2 Streptothricin SAT-2 ARG 
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2 
AAC(3)-IIa Gentamycin 

J23119 promoter, B0034 RBS, 
 AAC(3)-IIa ARG, B0010 terminator 

pBBR1MCS2 
TEM-1 Ampicillin 

J23119 promoter, B0034 RBS,  
TEM-1 ARG, B0010 terminator 

 

 

 

6.2.2 Cloning of ARG g-blocks into the expression vector 

Synthesized g-blocks (Section 6.2.1, Table 6-1, Appendix 15) underwent PCR amplification (Section 

2.4.5) using primers with overhangs that were complementary to the selected expression plasmid 

(Appendix 1, Section 2.1.4, Figure 6-2). Simultaneously, plasmid vector (Section 2.1.4) was amplified 

and linearized via PCR using primers (Appendix 1) with overhangs complementary to the cloned g-

block ends (Figure 6-2). PCR products underwent agarose gel electrophoresis (Section 2.4.7) followed 

by extraction of the required size bands from the gel (Section 2.4.8). Both insert and vector were 

assembled together using the Gibson assembly method (Section 2.4.9, Figure 6-2) prior to 

transformation into DH5α cells (Section 2.2.3). Resultant colonies underwent colony PCR (Section 

2.4.6) using M13 primers (Appendix 1, Figure 6-3) to determine the size of the insert. To verify that 

the gene was successfully cloned, plasmids were extracted (Section 2.4.3) and underwent Sanger 

sequencing (Section 2.4.13). Cells containing plasmid with confirmed and cloned ARGs were preserved 

as glycerol stocks (Section 2.2.2).  

Figure 6-1 Linear map of selected g-blocks from group 1 (cat) and group 2 (TEM-1). Colours denote g-
block fragments: violet – ARG sequence, green – J23119 promoter, blue – full RBS sequence including 
prefix and suffix spacers, gray – B0034 RBS, orange – B0010 terminator. 
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Figure 6-2 Diagram representing cloning of the ARG g-blocks into the plasmid vector. The black fragment 
represents the plasmid sequence, the green fragment represents the ARG g-block, purple and blue 
fragments represent PCR primer pairs with complementary overhangs with arrows representing PCR 
primers for amplification of the plasmid backbone (1), and blunt arrows representing PCR primers for the 
amplification of the ARG g-block insert (2). Both: linearized via PCR reaction plasmid backbone (3) and 
amplified ARG g-blocks (4) were assembled together (5) using the Gibson assembly method. 

Figure 6-3 Plasmid map of the pBBR1MCS2/ARG construct. M13 Forward and M13 Reverse primer binding 
sites are marked, along with the ARG g-block (represented by TEM-1 g-block) in the final pBBR1MCS2/TEM-
1 construct. 

1 

2 

4 3 

5 5 
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As the sequence of the available pBS1A2 plasmid (Section 2.1.4) differed from the reference pSB1A2 

sequence (IGEM, 2020c), a different approach had to be undertaken for group 1 g-blocks. Plasmid 

construct pBBR1MCS2/TEM-1 (group 2 TEM-1 g-block cloned into pBBR1MCS2 plasmid) prepared 

using a previously described method (Section 6.2.2) was used as a vector for cloning of group 1 ARG 

g-blocks. The plasmid pBBR1MCS2/TEM1 backbone underwent PCR amplification with primers 

designed to amplify the B0034 RBS, J23119 promoter sequence, pBBR1MCS2 backbone and B0010 

terminator introduced with group 2 TEM-1 g-block (Figure 6-4), linearizing and amplifying whole 

vector except for the TEM-1 ARG sequence. Group 1 g-blocks were amplified using primers with 

overhangs complementary to the ends of the linearized backbone (Figure 6-4). Subsequently both 

vector backbone and insert were assembled together using the Gibson assembly method (Section 

2.4.9, Figure 6-4) and transformed into DH5α cells (Section 2.2.3), with colonies being picked, analysed 

for the presence of cloned group 1 ARGs and preserved as glycerol stocks as previously described. 

 

 

 

Figure 6-4 Diagram representing cloning of the group 1 ARG g-blocks into the pBBR1MCS2/TEM1 plasmid 
construct. Black fragment represents plasmid sequence, green fragment represents cloned group 2 ARG g-
block, orange fragment represents group 1 ARG g-block, purple and blue fragments represent PCR primer 
pairs with complementary overhangs with arrows representing PCR primers for amplification of the plasmid 
backbone (including the RBS, promoter and terminator sequences from group 2 g-blocks), and blunt arrows 
representing PCR primers for the amplification of the ARG g-block insert (1). Both: linearized via PCR 
amplification pBBR1MCS2/TEM1 plasmid construct (2) and amplified ARG g-block insert (3) were assembled 
together using Gibson assembly method (4). 

1 

3 
2 

4 4 
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6.2.3 Calculation of the minimum inhibitory concentration (MIC) 

Antibiotic MICs for E. coli strains carrying plasmid constructs encoding putative antimicrobial 

resistance genes (Section 6.2.2, Appendix 17) were determined by observing their growth rates in the 

presence of the antibiotics corresponding with the tested ARG. Overnight cultures of E. coli strains to 

be tested (pBBR1MCS2 plasmid constructs encoding ARGs) and control E. coli (“empty” pBBR1MCS2 

plasmid) were prepared (Section 2.2.1). Serial dilutions of LB medium containing selected antibiotic 

were prepared followed by the transfer of six 200 µL aliquots from each dilution and six 200 µL aliquots 

of LB without an antibiotic to the 96 well plate. For each antibiotic concentration (and LB control with 

no antibiotic added), three wells were supplemented with 5 µL of overnight E. coli containing a plasmid 

construct encoding the tested ARG (pBBR1MCS2/ARG) and three wells were supplemented with 5 µL 

of overnight control E. coli (“empty” pBBR1MCS2)(Figure 6-5). Cells were grown in FLUOstar Omega 

Microplate Reader (BMG Labtech) at 37°C overnight with shaking (250rpm), with OD600 measurements 

undertaken every 15 minutes. Growth curves of log(OD600) against time were plotted and MIC 

determined as the lowest antibiotic concentration at which there was no growth when compared with 

the control sample. Tested strains, antibiotics and their concentration ranges used are show in the 

Table below (Table 6-2). 

Figure 6-5 The setup for antibiotic MIC determination. Green wells represent E. coli cells transformed 
with pBBR1MCS2 plasmid encoding the tested ARG, blue wells represent control E. coli cells 
transformed with empty pBBR1MCS2 plasmid. 
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Table 6-2 Antibiotics and their concentrations for MIC determination. 

Strain tested Antibiotic 

Antibiotic concentration 

[µg/mL] 

Minimum Maximum 

DH5α/pBBR1MCS2/AAC(3)-IIa Gentamycin 125 8000 
DH5α/pBBR1MCS2/ANT(3'')-IIa Streptomycin 25 1600 

DH5α/pBBR1MCS2/cat Chloramphenicol 25 1600 
DH5α/pBBR1MCS2/dfrA1 Trimethoprim 0.2 16 
DH5α/pBBR1MCS2/gyrA Ciprofloxacin 0.01 0.8 

DH5α/pBBR1MCS2/SAT-2 Streptothricin 1 100 
DH5α/pBBR1MCS2/TEM-1  Ampicillin 125 8000 

DH5α/pBBR1MCS2/ugd Polymyxin E 2.5 200 
 

 

 

6.3 Results 

 

6.3.1 Selection of ARGs for the functional analysis; gene maps of the ARG-encoding prophages  

Eight ARGs (Table 6-3, Appendix 14) were selected during the preliminary database tests (Section 

6.2.1) for functional analysis. Each of the selected ARGs provided potential resistance against different 

antibiotics: ampicillin, chloramphenicol, fluoroquinolones, gentamycin, polymyxin E, streptomycin, 

streptothricin and trimethoprim. ARGs were detected in both intact (2 instances) and incomplete (6 

instances) prophage-like sequences, with the RGI detection cut-offs (March, 2017) for ARGs resulting 

in two perfect hits and six strict hits being selected for the analysis. However, upon RGI re-analysis of 

the prophage and prophage-like sequences (June, 2019), three hits that were previously marked as 

strict have been degraded to loose quality hits (Table 6-3). 
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Table 6-3 ARGs selected for the functional analysis. The Table includes RGI detection cut-offs during 
the selection and synthesis (Mar 2017) and during the final analysis (Jun 2019, Section 5.2.4). 

ARG Product 
RGI cutoff 

Mar 2017 

RGI cutoff 

Jun 2019 

Prophage  

(ARG locus) 

Resistance 

against 

AAC(3)-
IIa 

aminoglycoside 
acetyltransferase 

Strict Strict 
SAMEA3303410_1_incomplete 

(SAMEA33034101_00038) Gentamycin 

TEM-1 beta-lactamase Perfect Perfect 
SAMEA3303410_1_incomplete 

(SAMEA33034101_00037) Ampicillin 

ugd 
UDP-glucose  

6-dehydrogenase 
Strict Loose 

SAMN02470248_2_intact 
(SAMN024702482_00015) Polymyxin E 

gyrA gyrase subunit A Strict Loose 
SAMN02630793_2_incomplete 

(SAMN026307932_00006) 
Fluoroquinolones 

SAT-2 
streptothricin 

acetyltransferase 
Perfect Perfect 

SAMN03104884_3_incomplete 
(SAMN031048843_00012) 

Streptothricin 

ANT(3'')-
IIa 

aminoglycoside 
nucleotidyltransferase 

Strict Strict 
SAMN03104884_3_incomplete 

(SAMN031048843_00011) Streptomycin 

dfrA1 
dihydrofolate 

reductase 
Strict Strict 

SAMN03104884_3_incomplete 
(SAMN031048843_00013) Trimethoprim 

cat 
chloramphenicol 
acetyltransferase 

Strict Loose 
SAMN03486857_3_intact 
(SAMN034868573_00004) Chloramphenicol 

 

 

Genome maps of prophage-like sequences encoding for selected ARGs were drawn using 

Easyfig v.2.2.2 (Sullivan et al., 2011) and analysed to determine the position of ARGs relative to other 

genes within the prophage regions. In prophage SAMN02470248_2_intact (Figure 6-6), ugd gene 

encoding for UDP-glucose 6-dehydrogenase was flanked downstream by the integrase indicating that 

it might not belong to the prophage genome. However, in prophage  SAMN03486857_3_intact (Figure 

6-7) ARG encoding for chloramphenicol acetyltransferase cat was flanked upstream by the integrase 

gene (ISEhe3), suggesting that the ARG was a part of the prophage genome rather than being mis-

detected during the PHASTER analysis (Section 5.2.1). Incomplete prophage-like sequences: 

SAMN03104884_3_incomplete (Figure 6-8), SAMEA3303410_1_incomplete (Figure 6-9) and 

SAMN02630793_2_incomplete (Figure 6-10) encoded for three (streptothricin acetyltransferase SAT-

2, aminoglycoside nucleotidyltransferase ANT(3'')-IIa, dihydrofolate reductase dfrA1), two 

(aminoglycoside acetyltransferase AAC(3)-IIa, beta-lactamase TEM-1) and one (fluoroquinolone 

resistant gyrase subunit A, gyrA) ARG, respectively. Analysis of the prophage-like element genes 

showed the lack of any signature phage genes such as tail, capsid or DNA polymerase genes, 

implicating that the regions were probably mis-detected as prophages during the PHASTER analysis 

(Section 5.2.1) and likely represented different mobile genetic elements such as transposons or 

integrons.  



 190 

 

 

Figure 6-7 Gene map of the SAMN03486857_3_intact prophage. Colours denote annotation: cyan – hypothetical proteins, orange – annotated prophage 

proteins, red – chloramphenicol acetyltransferase cat ARG. Figure was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 

Figure 6-6 Gene map of the SAMN02470248_2_intact prophage. Colours denote annotation: cyan – hypothetical proteins, orange – annotated prophage 

proteins, red – UDP-glucose 6-dehydrogenase ugd ARG. Figure was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 
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Figure 6-8 Gene map of the SAMN03104884_3_incomplete prophage. Colours denote annotation: cyan – hypothetical proteins, orange – annotated prophage 

proteins, red – aminoglycoside nucleotidyltransferase ANT(3'')-IIa, streptothricin acetyltransferase SAT-2, and dihydrofolate reductase dfrA1 ARGs. Figure 

was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 

Figure 6-9 Gene map of the SAMEA3303410_1_incomplete prophage. Colours denote annotation: cyan – hypothetical proteins, orange – annotated prophage 

proteins, red – aminoglycoside acetyltransferase AAC(3)-IIa, beta-lactamase TEM-1 ARGs. Figure was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 

2011). 
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Figure 6-10 Gene map of the SAMN02630793_2_incomplete prophage. Colours denote annotation: cyan – hypothetical proteins, orange – annotated 

prophage proteins, red – fluoroquinolone resistant gyrase subunit A, gyrA ARGs. Figure was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 
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6.3.2 Construction of the ARG expression plasmids 

Group 1 ARGs (Section 6.3.1, Table 6-1, Table 6-3): ANT(3'')-IIa, cat, dfrA1, gyrA, SAT-2 and ugd were 

synthesised to be cloned into the pSB1A2 plasmid vector (Section 6.2.2). However, as the sequence of 

the available plasmid differed from the reference pSB1A2 sequence (IGEM, 2020c), it was decided to 

use a different vector instead. As such, pBBR1MCS2, a derivative of pBR322 low-copy plasmid, was 

selected as a cloning vector (Section 2.1.4, Appendix 16). Furthermore, group 2 ARGs (Section 6.3.1, 

Table 6-1, Table 6-3): aac(3)-IIa and TEM-1 were synthesised as g-blocks (Section 6.2.1, Table 6-1) 

containing an additional promoter, RBS and terminator sequences (Figure 6-1), to be cloned into 

pBBR1MCS2 plasmid (Section 6.2.2). This also enabled the exchange of group 2 ARGs for group 1 ARGs 

via the Gibson assembly method (Section 6.2.2, Figure 6-4).  

Group 2 ARGs’: AAC(3)-IIa and TEM-1 g-block inserts were assembled with the pBBR1MCS2 

plasmid backbone, resulting in the creation of pBBR1MCS2/AAC(3)-IIa and pBBR1MCS2/TEM-1 

constructs, respectively, and transformed into DH5α cells (Appendix 17). Transformants containing 

pBBR1MCS2/AAC(3)-IIa and pBBR1MCS2/TEM-1 constructs were identified via PCR amplification of 

the insert using the M13 primers (Section 6.2.2, Figure 6-3) followed by the electrophoretic analysis 

of the PCR products and by Sanger sequencing of the amplicons (Section 6.2.2). Subsequently, 

pBBR1MCS2/TEM-1 construct was used as a vector for the exchange of TEM-1 ARG for group 1 ARGs: 

ANT(3'')-IIa, cat, dfrA1, gyrA, SAT-2 and ugd, as previously described (Section 6.2.2, Figure 6-4). All 

group 1 ARGs were cloned successfully, with transformant colonies carrying respective constructs 

(Appendix 17) being confirmed by the electrophoretic analysis of M13 forward/M13 reverse PCR 

amplicons (Section 6.2.2, Figure 6-3) followed by Sanger sequencing of the PCR products (Section 

6.2.2). Examples of the pBBR1MCS2/TEM-1 backbone and ANT(3'')-IIa insert amplification for the 

construction of pBBR1MCS2/ANT(3'')-IIa (Figure 6-11), PCR analysis of the transformants (Figure 6-12) 

and Sanger sequencing results of the selected DH5α/pBBR1MCS2/ANT(3'')-IIa transformant (Figure 

6-13) are shown below. 
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10 kb 
 

5 kb 
3 kb 

 
 

1 kb 
 

0.5 kb 

M      backbone        insert Figure 6-11 Amplification of the backbone and insert for 
the construction of the pBBR1MCS2/ANT(3'')-IIa plasmid.  
Backbone: amplified pBBR1MCS2/TEM-1 (size 5229 bp). 
Insert: ANT(3'')-IIa ARGi (size 829 bp).  
M: 1 kb DNA Ladder (NEB).  

 1    2     3     4    5    6     7     8    9   10   M   11  12  13   14  15  16   17   18  19  20 

Figure 6-12 PCR analysis of putative DH5α/pBBR1MCS2/ANT(3'')-IIa transformants using the M13 
sequencing primer pair. The expected PCR product size was 1031 bp. 1-20: putative transformants. M: 
1 kb DNA Ladder (NEB). Clone number 12 was selected for further analysis. 

  A                 B 

Figure 6-13 Sanger sequencing results of DH5α/pBBR1MCS2/ANT(3'')-IIa transformant number 12. A: alignment of 
the pBBR1MCS2/ANT(3'')-IIa sequence (top) with the sequenced M13 primer pair PCR product: forward (middle) 
and reverse (bottom). B: Mismatched sequences were identified on the sequencing chromatogram and confirmed 
as mistakes in the sequencing process. In this example, the correct sequence is AGCTTTGAT instead of 
AGCTTTTGAT. 
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6.3.3 Determination of antibiotic MIC for strains transformed with pBBR1MCS2/ARG constructs 

All the created strains, containing pBBR1MCS2/ARG constructs (Appendix 17) underwent antibiotic 

MIC determination as previously described (Section 6.2.3). The analysis confirmed that both perfect 

hit ARGs (Table 6-3): TEM-1 and SAT-2 conferred resistance against ampicillin (Figure 6-14) and 

streptothricin (Figure 6-15), respectively, with MIC for ampicillin against DH5α/pBBR1MCS2/TEM-1 

strain determined as >8,000 µg/mL and for streptothricin against DH5α/pBBR1MCS2/SAT-2 strain as 

>100 µg/mL. 

 

 

Figure 6-14 Determination of ampicillin MIC for DH5α/pBBR1MCS2/TEM-1 strain. Colour denotes different strains and 
conditions: red – control DH5α/pBBR1MCS2 strain grown without an antibiotic; yellow – control DH5α/pBBR1MCS2 
grown with 8000 µg/mL ampicillin; blue – DH5α/pBBR1MCS2/TEM-1 strain grown with 8000 µg/mL ampicillin. Data 
points are an average of three technical replicates, with error bars representing standard deviation. 
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All three strict cut-off ARGs (Table 6-3): AAC(3)-IIa, ANT(3'')-IIa and dfrA1 also conferred 

resistance to, respectively, gentamicin (Figure 6-16), streptomycin (Figure 6-17) and trimethoprim 

(Figure 6-18). The gentamycin MIC value for strain DH5α/pBBR1MCS2/AAC(3)-IIa was determined to 

be >8000 µg/mL (Figure 6-16). The streptomycin MIC for strain DH5α/pBBR1MCS2/ANT(3'')-IIa was 

>800 µg/mL. However, the slower growth rates of the tested strain when compared with 400 µg/mL 

and 200 µg/mL of the streptomycin was noticeable (Figure 6-17). Finally, the trimethoprim MIC value 

for strain DH5α/pBBR1MCS2/dfrA1 was >16 µg/mL, with the MIC for the negative control strain 

DH5α/pBBR1MCS2 determined to be 8 µg/mL (Figure 6-18). 

 

 

Figure 6-15 Determination of streptothricin MIC for DH5α/pBBR1MCS2/SAT-2 strain. Colour denotes 
different strains and conditions: red – control DH5α/pBBR1MCS2 strain grown without an antibiotic; yellow 
– control DH5α/pBBR1MCS2 grown with 100 µg/mL streptothricin; blue – DH5α/pBBR1MCS2/SAT-2 strain 
grown with 100 µg/mL streptothricin. Data points are an average of three technical replicates, with error 
bars representing standard deviation. 
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Figure 6-16 Determination of gentamicin MIC for DH5α/pBBR1MCS2/AAC(3)IIa strain. Colour denotes 
different strains and conditions: red – control DH5α/pBBR1MCS2 strain grown without an antibiotic; yellow 
– control DH5α/pBBR1MCS2 grown with 8000 µg/mL gentamicin; blue – DH5α/pBBR1MCS2/AAC(3)IIa strain 
grown with 8000 µg/mL gentamicin. Data points are an average of three technical replicates, with error bars 
representing standard deviation. 

Figure 6-17 Determination of streptomycin MIC for DH5α/pBBR1MCS2/ANT(3'')-IIa strain. Colour denotes 
different strains and conditions: red – control DH5α/pBBR1MCS2 strain grown without any antibiotic; yellow 
– control DH5α/pBBR1MCS2 grown with 200 µg/mL streptomycin; blue – DH5α/pBBR1MCS2/ANT(3'')-IIa 
strain grown with 800 µg/mL streptomycin, gray – DH5α/pBBR1MCS2/ANT(3'')-IIa strain grown with 400 
µg/mL streptomycin, green – DH5α/pBBR1MCS2/ANT(3'')-IIa strain grown with 200 µg/mL streptomycin. Data 
points are an average of three technical replicates, with error bars representing standard deviation. 
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Analysis of a loose cut-off chloramphenicol acetyltransferase cat ARG (Table 6-3) showed an 

elevated resistance against chloramphenicol in the DH5alpha/pBBR1MCS2/cat strain (Figure 6-19), 

with MIC being >800 µg/mL. Moreover, growth rate was inversely correlated with the increase in 

antibiotic concentration which could be clearly observed both at 200 µg/mL and 400 µg/mL 

chloramphenicol. 

 

 

Figure 6-18 Determination of trimethoprim MIC for the DH5α/pBBR1MCS2/dfrA1 strain. Colour 
denotes different strains and conditions: red – control DH5α/pBBR1MCS2 strain grown without any 
antibiotic; yellow – control DH5α/pBBR1MCS2 grown with 8 µg/mL trimethoprim; blue – 
DH5α/pBBR1MCS2/dfrA1 strain grown with 16 µg/mL trimethoprim. Data points are an average of 
three technical replicates, with error bars representing standard deviation. 
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Finally, analysis of the two remaining loose cut-off ARGs gyrA and ugd (Table 6-3) showed no increase 

in the antimicrobial resistance of the strains carrying pBBR1MCS2/gyrA and pBBR1MCS2/ugd 

constructs to ciprofloxacin (a fluoroquinolone antibiotic) and polymyxin E, respectively. 

 

 

 

 

 

Figure 6-19 Determination of chloramphenicol MIC for DH5α/pBBR1MCS2/cat strain. Colour denotes 
different strains and conditions: red – control DH5α/pBBR1MCS2 strain grown without any antibiotic; 
yellow – control DH5α/pBBR1MCS2 grown with 200 µg/mL chloramphenicol; blue – 
DH5α/pBBR1MCS2/cat strain grown with 800 µg/mL chloramphenicol, grey – DH5α/pBBR1MCS2/cat 
strain grown with 400 µg/mL chloramphenicol, green – DH5α/pBBR1MCS2/cat strain grown with 200 
µg/mL chloramphenicol. Data points are an average of three technical replicates, with error bars 
representing standard deviation. 
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Figure 6-20 Determination of ciprofloxacin MIC for DH5α/pBBR1MCS2/gyrA strain. Colour denotes 
different strains and conditions: red – control DH5α/pBBR1MCS2 strain grown without any antibiotic; 
green – DH5α/pBBR1MCS2/gyrA strain grown without an antibiotic; purple – control DH5α/pBBR1MCS2 
strain grown with 0.08 µg/mL ciprofloxacin; gray – DH5α/pBBR1MCS2/gyrA strain grown with 0.08 µg/mL 
ciprofloxacin; yellow – control DH5α/pBBR1MCS2 strain grown with 0.2 µg/mL ciprofloxacin; blue – 
DH5α/pBBR1MCS2/gyrA strain grown with 0.2 µg/mL ciprofloxacin. Data points are an average of three 
technical replicates, with error bars representing standard deviation. 

Figure 6-21 Determination of polymyxin E MIC for DH5α/pBBR1MCS2/ugd strain. Colour denotes different 
strains and conditions: red – control DH5α/pBBR1MCS2 strain grown without an antibiotic; green – 
DH5α/pBBR1MCS2/ugd strain grown without an antibiotic; yellow – control DH5α/pBBR1MCS2 grown with 2.5 
µg/mL polymyxin E; blue – DH5α/pBBR1MCS2/ugd strain grown with 2.5 µg/mL polymyxin E. Data points are 
an average of three technical replicates, with error bars representing standard deviation. 
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6.4 Discussion 

During the preliminary tests of the Vibrio prophage database (March 2017, Section 6.2.1, Section 

5.2.1), eight ARGs providing resistance to different antibiotic classes, with different RGI detection cut-

offs (Section 6.2.1, Section 5.2.4) and being detected in both intact prophages and incomplete 

prophage-like elements were selected for synthesis and functional analysis. The selection process 

ensured that the tested ARGs included perfect cut-off hits (based on the RGI detection algorithm), 

that were identical with CARD database ARGs thus providing an antibiotic resistance to the tested 

strains and, as a result, could be used as a positive control for the cloning and screening process. Both 

TEM-1 (ampicillin resistance) and SAT-2 (streptothricin resistance), perfect cut-off hits (Section 6.3.1), 

were successfully cloned into the expression vector and provided increased antibiotic resistance 

against their respective antibiotics when compared with the strain transformed with a reference 

pBBR1MCS2 plasmid (Section 6.3.3). This confirmed that the constructed vector was valid and could 

be used for the expression of ARGs. Any observed increases in antimicrobial resistance of a strain 

(when compared against a strain carrying the reference pBBR1MCS2 plasmid) were caused only by 

the presence of strict or loose cut-off genes rather than the cloning process or the selected expression 

vector and/or strain. 

The first group of ARGs comprised of strict cut-off hits that were functional (Section 6.3.3) and 

provided resistance to antibiotics were: AAC(3)-IIa, ANT(3'')-IIa and dfrA1 conferring resistance to 

gentamicin, streptomycin and trimethoprim, respectively (Section 6.3.1). This analysis confirmed that 

the RGI strict detection cut-off (Jia et al., 2017), which is used to detect previously unknown variants 

of known ARGs, can result in the discovery of functional ARGs. However, the analysis of prophage-like 

elements in which the ARGs were identified indicated that due to the lack of signature phage genes 

encoding capsid, tail or DNA polymerase, they cannot be confirmed to be prophages. The abundance 

of genes encoding for transposases and transposon proteins suggested that both 

SAMN03104884_3_incomplete encoding for ANT(3'')-IIa and dfrA1, and 

SAMEA3303410_1_incomplete encoding for AAC(3)-IIa were either transposons or integrons. 

All three remaining ARGs: cat, gyrA and ugd were initially (March 2017) detected as strict cut-

off hits (Section 6.3.1). However, the RGI re-analysis (Jun 2019) of all Vibrio prophages and prophage-

like sequences indicated that they were downgraded to loose cut-off hits (Section 6.3.1), which are 

less likely to provide antibiotic resistance to their host. Functional analysis of gyrA and ugd genes 

confirmed this, as neither of the genes resulted in the increased growth rates of the 

DH5α/pBBR1MCS2/gyrA and DH5α/pBBR1MCS2/ugd strains in the presence of ciprofloxacin and 

polymyxin E, respectively, when compared with the control DH5α/pBBR1MCS2 strain. However, it is 

important to note that this was done in a heterologous host system. The gyrA ARG is a Vibrio gyrase 
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subunit A showing reduced efficacy towards fluoroquinolone antibiotics, with two GyrA subunits and 

two GyrB subunits forming functional gyrase enzyme. It is possible that Vibrio gyrase subunit B, rather 

than E. coli gyrase B subunit present in DH5α strain, would need to be provided to reconstitute 

catalytic function of the enzyme, as indicated by a range of studies on heterologous complementation 

of gyrase subunits (Orr and Staudenbauer, 1982; Simon et al., 1995). As such, it cannot be ruled out 

that the gyrA ARG can confer protection against fluoroquinolone antibiotics. Simultaneously, ugd ARG 

requires the presence of pmrHFIJKLM gene cluster to form fully functional pmrHFIJKLM-ugd operon, 

which is responsible for the synthesis and transfer of 4-amino-4-deoxy-L-arabinose to lipid A moiety 

of LPS, resulting in polymyxin E resistance (Olaitan et al., 2014). As this gene cluster was not present 

on the prophage nor on the pBBR1MCS2 plasmid vector or E. coli MG1655 chromosome, the 

functionality of ugd gene could not be determined. 

The final loose cut-off ARG, chloramphenicol acetyltransferase cat, was detected within the 

intact prophage SAMN03486857_3_intact (Section 6.3.1) found in Vibrio parahaemolyticus strain 

Vp152. Analysis of the prophage genome suggests the cat ARG belongs to the 

SAMN03486857_3_intact prophage sequence (instead of being mis-detected during PHASTER 

analysis, Section 5.2.1), as it is flanked by genes encoding integrases, which are necessary for prophage 

integration within the host. Functional analysis showed that the cat ARG provided resistance against 

chloramphenicol, with antibiotic concentration-dependant reduction in the DH5α/pBBR1MCS2/cat 

strain growth rate when compared with the control DH5α/pBBR1MCS2 strain.  

Although prophages encoding putative ARGs were previously detected both in Vibrio (Castillo 

et al., 2018) and other bacteria such as E. coli (Johnson et al., 2016), the ARGs were never confirmed 

to be functional. As such, the analysis performed in this study shows the first example of a novel ARG, 

a chloramphenicol acetyltransferase cat, being identified in silico within the Vibrio prophage sequence 

using an exploratory detection cut-off, followed by the functional genomics confirmation of its ability 

to provide resistance when expressed in a heterologous host. However, the fitness benefits or 

detriments to the prophage’s original Vibrio host as a result of prophage integration or the expression 

of cat ARG are still unknown. Recent experiments performed on E. coli show that fitness benefits to 

the host due to the presence of ARG-encoding prophages, ARG-free prophages and ARGs themselves 

heavily depend on the environmental conditions (Wendling et al., 2020). As such, it would be 

beneficial to determine whether the same holds true for Vibrio and their prophages. However, it is yet 

to be elucidated whether the detected SAMN03486857_3_intact prophage is functional, and whether 

it can be induced and propagated. This would require an access to the host Vibrio parahaemolyticus 

strain Vp152 and further prophage induction studies to be performed which are beyond the scope of 

the analyses performed in this chapter.  
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Recent research on Vibrio cholerae shows that it exhibits a high degree of genomic and 

phenotypic plasticity, with up to 5% of its genome containing mobile genetic elements (MGEs) such 

as pathogenicity islands, metabolic islands, integrative conjugative elements, transposons, insertion 

sequences, plasmids and prophages, leading to high environmental adaptability of the bacterium 

(Escudero and Mazel, 2017; Verma et al., 2019). Furthermore, antimicrobial resistance in Vibrio 

cholerae has been associated with MGEs, with the majority of ARGs being detected on mobile 

elements, with the exception of prophages (Verma et al., 2019). As such, the experiments performed 

in this study (Section 6.3.1, Section 6.3.3), in conjunction with bioinformatic analyses of Vibrio 

genomes and their prophages (Section 5)(Castillo et al., 2018) improve on the aforementioned 

research (Verma et al., 2019) by implicating prophages as another vector for the transfer of ARGs 

between Vibrio spp. Moreover, the analysis of prophage genomes performed during this study 

(Section 6.3.1) shows that functional cat ARG was detected within the SAMN03486857_3_intact 

prophage sequence which could result in the lysogenic conversion of the host bacteria. Moreover, the 

presence of ugd ARG upstream of phage SAMN02470248_2_intact integrase suggests that the 

transfer of this ARGs could be performed via specialised transduction (Section 1.9.2) rather than 

lateral (Section 1.9.3) or generalised transduction (Section 1.9.1) as previously suggested (Enault et 

al., 2017). This would also confirm the results of metagenomic studies in which phage-encoded ARGs 

were linked to Vibrionaceae and Enterobacteriaceae, and specialised transduction was implicated as 

one of the major routes for the transfer of ARGs in the marine environment (Debroas and Siguret, 

2019).  

Finally, the results of the performed analysis confirm previous suggestions that the 

exploratory thresholds have a tendency of inflating the number of ARGs when used in quantitative 

studies (Enault et al., 2017), with two out of three tested loose cut-off hits failing to provide 

antimicrobial resistance during heterologous expression. However, as the identification of the 

functional cat gene shows, exploratory cut-off hits cannot be truly dismissed as not representing ARG 

sequences. As such, a changes within the current ARG detection paradigm (Jia et al., 2017) might be 

necessary to differentiate between different quality loose cut-off hits, for example based on Blastp 

query coverage and identity. Detected exploratory cut-off ARGs should also be cross-referenced and 

confirmed by using additional ARG databases and detection tools, such as ARDB (Liu and Pop, 2009), 

ARG-ANNOT (Gupta et al., 2014) or Resfams (Gibson et al., 2015) to reduce the chance of rejecting 

functional ARGs from the analyses. Finally, functional genomics analyses are always necessary to 

confirm the functionality of the detected exploratory cut-off ARGs. Moreover, confirmed novel ARGs 

should be uploaded to aforementioned curated databases to increase the number of known ARGs and 
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improve the annotation and detection of following antimicrobial resistance genes in subsequent 

studies. 
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7.1 Introduction 

 

7.1.1 Viral population diversity: culture-dependent vs culture-independent approaches 

Characterisation of the viral population diversity using classical, culture-dependent approaches 

(Section 1.2.1, Section 1.2.2) is subject to various limitations (Hayes et al., 2017). The isolation of 

environmental phages can be problematic due to the lack of corresponding bacterial hosts (Rappé and 

Giovannoni, 2003), difficulties in growing bacteria in laboratory conditions (Sausset et al., 2020), lack 

of the plaque-forming capability of some phages such as Vibrio cholerae CTXϕ (Section 1.11.1) or even 

due to the stalled development of the phage post-infection in the form of pseudolysogeny (Łoś and 

Wegrzyn, 2012). Furthermore, environmental phage-host interactions cannot always be replicated in 

laboratory-based assays, as the differences in growth conditions may lead to varied cellular responses, 

such as hibernation or survival modes, resulting in disparate progeny phage production (Bryan et al., 

2016). Thus, the need for culture-independent methods for the characterisation of viral populations 

became apparent. This led to the development of different methods for the analysis of viral 

populations, such as electron microscopy, which was successfully used for the enumeration of viral 

particles in marine samples (Bergh et al., 1989; Børsheim et al., 1990), flow cytometry (Brussaard, 

2004), randomly amplified polymorphic DNA PCR (Winget and Wommack, 2008), single-virus 

genomics (Allen et al., 2011) and viral metagenomics. 

 

7.1.2 Viral metagenomics: overview 

Viral metagenomics can be defined as the direct analysis of all viral genetic material recovered from 

an environmental sample (Thomas, T. et al., 2012). A typical metagenomics project involves four major 

steps: isolation and purification of phage particles, extraction of nucleic acids, sequencing of purified 

nucleic acids and the analysis of resultant data (Thomas, T. et al., 2012; Hayes et al., 2017). During the 

first step, viral particles are separated from bacterial cells and large particulate matter via 

centrifugation and/or filtration. This is followed by the purification and concentration of phage 

particles via, for example, filtration using low molecular weight cut-off filters or caesium chloride 

gradient centrifugation. However, the latter can lead to the loss of viral particles outside of the 

examined densities, biasing the resulting population (Thomas, T. et al., 2012; Hayes et al., 2017). 

Subsequently, DNase and, optionally, RNase treatment is performed to remove any contaminating 

cellular nucleic acids that could cause additional issues during sequencing and downstream analysis 

of the data (Roux et al., 2013), with subsequent extraction of DNA using either commercial kits (Iker 
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et al., 2013) or following the phenol:chloroform extraction protocol (Göller et al., 2020). Subsequently, 

purified nucleic acids are sequenced using one of the available DNA sequencing technologies. 

 

7.1.3 Viral metagenomics: DNA sequencing platforms 

The three main technologies now used for sequencing of metagenomic DNA are Illumina, Oxford 

Nanopore Technology (ONT) and PacBio (Sevim et al., 2019). Although selection of the sequencing 

platform primarily depends on the required read length, data throughput and the sample sequencing 

costs, platform-specific biases such as GC coverage biases, error rates and the ability to resolve the 

repetitive and highly similar genomic elements also need to be accounted for (Hayes et al., 2017; 

Sevim et al., 2019). The latter is especially important during the de novo assembly of the metagenomic 

reads, as low coverage regions or the presence of similar phage genomes in the sample might lead to 

the failed assembly or generation of chimaeric contigs (Roux et al., 2017). This problem is less 

prevalent in ONT and PacBio sequencing as long-reads can cover the repetitive or highly similar regions 

leading to their resolution during the genome assembly step (Warwick-Dugdale et al., 2019b). 

Moreover, both ONT and PacBio can capture a complete phage genome as a single read, further 

improving the assembly of metagenomic contigs (Warwick-Dugdale et al., 2019b). 

 Finally, all three aforementioned sequencing platforms require different amounts of starting 

material, ranging from nanograms of DNA for Illumina up to micrograms of DNA for ONT and PacBio 

(Quail et al., 2012; Sevim et al., 2019). As the amount of viral DNA extracted from the environmental 

samples, especially from marine sources is usually relatively low (nanograms of phage DNA) (Hurwitz 

et al., 2013; D’Humières et al., 2019), an additional amplification step during the preparation of the 

sequencing library is sometimes necessary (Thomas, T. et al., 2012). However, the commonly used 

DNA amplification methods linker amplified shotgun library (LASL) and multiple displacement 

amplification (MDA) preferably amplify double-stranded and single-stranded viral DNA, respectively, 

biasing the metagenomic libraries (Kim and Bae, 2011; Marine et al., 2014). Methods such as VirION 

(Viral, long-read metagenomics via MinION sequencing), combining both long-read sequencing of 

amplified metagenomic DNA and short-read sequencing of native metagenomic DNA, circumvent the 

shortcomings of different sequencing platforms increasing the number of reconstructed contigs whilst 

retaining the possibility of quantifying the relative numbers of the phages in the sample (Warwick-

Dugdale et al., 2019b).  
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7.1.4 Viral metagenomics: novel phages and phage-encoded enzymes 

Metagenomic approaches have been used to determine the composition and structure of viral 

communities from a wide variety of environmental niches. Sampling spots ranged from marine water 

and sediments (Breitbart et al., 2004; Angly et al., 2006; Hurwitz et al., 2013; Hurwitz and Sullivan, 

2013; Coutinho et al., 2017; Nigro et al., 2017; Gregory et al., 2019; Liang et al., 2019; Warwick-

Dugdale et al., 2019b), through freshwater (Roux et al., 2012), soil (Zablocki et al., 2014; Adriaenssens 

et al., 2015; Segobola et al., 2018) to gut (Breitbart et al., 2008; Hoyles et al., 2014; Castro-Mejía et 

al., 2015; Devoto et al., 2019), and even included extreme environments such as hot springs 

(Schoenfeld et al., 2008; Zablocki et al., 2017) or Antarctic lakes (Lopez-Bueno et al., 2009). These 

analyses led to the discovery of megaphages (phages with genomes larger than 500 kb) which were 

identified during metagenomic studies of baboon, human and pig gut viromes (Devoto et al., 2019). 

This was soon followed by the discovery of multiple “huge phages” in the samples collected from 

waters of Lac Pavin (France) that comprise dsDNA genomes reaching up to 735 kb in size, the largest 

bacteriophage genomes known to date (Al-Shayeb et al., 2020). 

Finally, viral metagenomics studies have been coupled with functional genomics analyses 

leading to the discovery of novel phage-encoded enzymes. For example, functional screening of near-

boiling thermal pool metaviromes led to the isolation of thermostable DNA polymerase, 3173 Pol 

(Moser et al., 2012), which was subsequently engineered for use in RT-PCR (Heller et al., 2019). A 

similar approach was undertaken for the detection of novel ARGs in viral, plasmid and bacterial 

fractions obtained from activated sludge (Parsley et al., 2010). However, the analysis did not yield any 

results for the phage fraction, most probably due to the too small insert size of the clones (Parsley et 

al., 2010). In a more recent study of a viral metagenome obtained from a Han River water sample, 

putative novel ARGs were initially identified via bioinformatics approach, which was followed by the 

functional confirmation of candidate ARGs, leading to the discovery of a new sub-class of beta-

lactamases (Moon et al., 2020).  

 

7.1.5 Aims 

The aim of this chapter was to determine the prevalence of phage-encoded ARGs in the southern 

coast of England and English Channel water samples by combining short and long read sequencing 

with functional metagenomics. 
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To do this a number of objectives were set: 

1. Sequence three isolated viromes using Illumina and MinION platforms 

2. Assemble genomes and use Illumina reads to provide data for the quantitative analysis 

3. Determine the prevalence of ARGs in the viromes by bioinformatics analyses 

4. Isolate novel ARGs via a functional metagenomics approach 

 

 

 

7.2 Methods 

 

7.2.1 Water samples; concentration of phage fraction and DNA extraction 

Three marine water samples were obtained for the metagenomics analysis: two surface water 

samples from Plymouth Beach (50° 21.74' N 4° 9.92' W) and Western Channel Observatory station L4 

(50° 15.00' N, 4° 13.02' W), and one deep water sample obtained at a depth of 25m from the Western 

Channel Observatory station L4. Water samples were filtered through a 0.22 µm pore-size cellulose 

acetate membrane filter (Corning) to remove bacterial cells and larger particles. Subsequently, 4.5 L 

of each water sample was concentrated using Amicon Ultra-15 100K (100,000 MWCO) concentrator 

columns (Millipore) and washed with 30 mL SM buffer (Section 2.1.3) to remove the excess of marine 

water salts. The resulting 1 mL of permeate containing concentrated and cleaned up viral fraction in 

SM buffer was stored at 4°C. 

 Each sample then underwent DNase and RNase treatment to remove non-encapsidated 

nucleic acids, as follows: 900 µL of the sample was mixed with 100 µL 10x DNase buffer and 

supplemented with 2 µL (4 U) of DNase I (NEB) and 1U of RNase, followed by 30 min incubation at 

37°C. Subsequently, phage DNA was extracted using the phenol:chloroform:isoamyl alcohol extraction 

method, as previously described for vibriophage DNA extraction (see Section 4.2.4). Extracted DNA 

was stored at -20°C for further analysis. 

 

7.2.2 Short read sequencing (Illumina HIseq); metagenome assembly 

Preparation of short read libraries and sequencing of DNA samples (Section 7.2.1) was carried out by 

the University of Liverpool Centre for Genomic Research using the Illumina HiSeq4000 platform (2x150 

bp). Illumina adapters were removed from the resultant Fastq files using Cutadapt v.1.2.1 (Martin, 

2011) with `-O 3` option, followed by trimming using Sickle v.1.200 (Joshi and Fass, 2011) with default 
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options. De novo assembly of metagenomics contigs was performed following a previously described 

pipeline (Roux et al., 2019b), as follows: Reads for each sample were corrected with tadpole.sh v.37.54 

(Bushnell, 2019) using `mode=correct ecc=t prefilter=2`, followed by the removal of identical reads 

using clumpify.sh v.37.54 (Bushnell, 2019) using ̀ dedupe subs=0 passes=2` options. Finally, reads from 

all three samples were concatenated and cross-assembled using SPAdes v.3.13.0 (Bankevich et al., 

2012) with `--sc --only-assembler -k 77,99,127` options. 

 

7.2.3 Whole genome amplification of metagenomic DNA samples 

An aliquot of each DNA sample (Section 7.2.1) underwent whole genome amplification using the 

Illustra Ready-To-Go GenomiPhi V3 DNA Amplification Kit (GE Healthcare) in accordance with the 

manufacturer’s protocol. Branched chimaeric DNA formed during the rolling circle amplification 

process (Lasken and Stockwell, 2007) was de-branched by S1 Nuclease (Thermo Fisher Scientific) 

digestion (Lasken and Stockwell, 2007), following the manufacturer’s instructions. Finally, the 

resulting dsDNA was cleaned up using a DNA Clean & Concentrator Kit (Zymo Research) and stored at 

-20 °C for further analysis and sequencing using MinION. 

 

7.2.4 Long read sequencing (ONT MinION); metagenome assembly 

Long read sequencing of the amplified DNA samples (Section 7.2.3), base calling, demultiplexing and 

trimming of the reads was performed as previously described (Section 2.4.12). Genomes were 

assembled using Flye v.2.6 (Kolmogorov et al., 2019) using ̀ --nano-raw --meta --genome-size 5g --t 90` 

options. Subsequently, MinION reads were mapped to the resulting assembly.fasta file with minimap2 

v.2.14 (Li, 2018) using `-ax map-ont` options with the output file being used for polishing the assembly 

with marginPolish v.1.0.0 (Paten and Pesout, 2019) using `allParams.np.ecoli.json` option. Finally, the 

assembly was further polished with Illumina short reads (Section 7.2.2) using Pilon v.1.23 (Walker et 

al., 2014) with the default options. 

 

7.2.5 Analysis of assembled metagenomes  

Both Illumina (Section 7.2.2) and MinION (Section 7.2.4) metagenomics assemblies were 

concatenated, followed by the removal of duplicate sequences and sub-sequences at >95% identity 

cut-off with dedupe.sh (Bushnell, 2019) using ̀ minidentity=95` option. Subsequently, assemblies were 

filtered based on the sequence length to remove contigs shorter than 5,000 bp, which are unlikely to 

represent complete phage sequences. Deduplicated and filtered contigs were scanned for the 
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presence of phage sequences using DeepVirFinder v.1.0 (Ren et al., 2018) with the default options. 

The quality of the reconstructed phage genomes was determined using Checkv v.0.6 (Nayfach et al., 

2020) with: contamination, completeness, repeats and quality_summary commands using the default 

options. Prokka v.1.11 (Seemann 2014) with `--noanno` option was used to determine all 

metagenomic phage protein sequences. These were subsequently combined with protein sequences 

of all known phages (Millard, 2019) at the time of the analysis (May 2020) and used as an input for 

vContact2 v.0.9.15 (Bolduc et al., 2017; Bin Jang et al., 2019) analysis with ‘--rel-mode Diamond --db 

ProkaryoticViralRefSeq94-Merged --pcs-mode MCL --vcs-mode ClusterONE’ options. Selected 

reconstructed phage contigs were annotated with Prokka v.1.11 (Seemann, 2014) using a custom 

database of all phage genomes (Millard, 2019) that had previously been extracted from GenBank (Jul 

2017). 

 Metagenomic phage contigs were also analysed for the presence of ARGs using RGI v.5.0.0 

(Alcock et al., 2019) scan with `--input_type protein --low_quality` settings using CARD (May 2020), 

followed by the Blastp comparison of the obtained results against the GenBank database using the 

default parameters. 

 

7.2.6 Abundance of metagenomic phages 

Relative abundances of phages in each sample (Section 7.2.1) were determined by mapping HiSeq 

reads (Section 7.2.2) to the metagenomics contigs with bbmap.sh (Bushnell, 2019) using default 

options, followed by the pileup.sh (Bushnell, 2019) analysis of the output file using the default options, 

to determine the coverage details for each contig. The abundances were determined using CPM 

(counts per million) method. The number of reads for each contig with coverage >=70% and average 

fold >1.0x was divided by contig length in kb resulting in reads per kilobase (RPK) value. RPK of a contig 

was subsequently divided by the sum of all RPK values in the sample divided by a million, resulting in 

the CPM value for each contig. This represented the abundance of the phage genome normalised to 

the genome length and the total amount of reads obtained for each sample (Section 7.2.1).  

 

7.2.7 Functional metagenomics 

Amplified metagenomic DNA samples (Section 7.2.3) underwent functional metagenomics to 

determine whether the phage fraction contained novel ARGs that could confer resistance to the 

selected range of antibiotics. For each sample, 1 µg of amplified and S1 nuclease treated DNA (Section 

7.2.3) was sonicated to obtain fragments of between 1 to 2 kb in size using Bioruptor (Diagenode) 

with 2 cycles of 15/90 seconds, following the standard manufacturer’s protocol (Figure 7-1). Sonicated 
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DNA was subsequently end-repaired using an Anza DNA End Repair Kit (Invitrogen) in accordance with 

the manufacturer’s instructions in preparation for the blunt-ligation with the expression vector. 

Simultaneously, previously constructed pBBR1MCS2/cat plasmid vector (Section 6.2.2, Section 6.3.2) 

was amplified using SM086ext and SM087ext primer pair (Appendix 1), designed to amplify the B0034 

RBS, J23119 promoter sequence, pBBR1MCS2 backbone and B0010 terminator sequence, linearizing 

and amplifying whole vector except for the cat ARG sequence (Figure 7-1). This was followed by NdeI 

and DpnI digestion and gel extraction to ensure the removal of the pBBR1MCS2/cat plasmid template 

and cat (chloramphenicol resistance) gene. Both sonicated inserts, and linearised plasmid vector were 

ligated together at 3:1 insert to vector molar ratio (insert size was assumed as 1.5 kb) using T4 DNA 

Ligase (NEB) at 16°C overnight (Figure 7-1). The ligation mixture was transformed into NEB® 5-alpha 

Electrocompetent cells following a previously described protocol (Section 2.2.4), with transformed 

cells being plated on LBA plates supplemented with 25 µg/mL kanamycin (10 µL and 100 µL plated), 

100 µg/mL ampicillin (250 µL), 35 µg/mL chloramphenicol (100 µL), 10 µg/mL gentamycin (100 µL), 

50 µg/mL streptomycin (100 µL) and 10 µg/mL tetracycline (100 µL). Following the overnight 

incubation, plates were searched for the presence of bacterial colonies.  
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Figure 7-1 Overview of functional metagenomics analysis. Metagenomic DNA (orange, red and pink) 
underwent whole genome amplification (1) followed by fragmentation via sonication (2). 
Simultaneously, previously constructed (Section 6.3.2) plasmid vector containing ARG expression 
cassette (green colour) underwent linearization (3) via PCR amplification (blue and purple primers). 
Both sonicated metagenomic DNA and linearized expression vector were ligated together (4) followed 
by transformation into competent E. coli cells. 

1 

2 

4 4 

3 
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7.3 Results 

 

7.3.1 Metagenome assembly: general metrics 

DNA obtained from three water samples (Section 7.2.1) underwent sequencing using Illumina HiSeq 

(Section 7.2.2) and Nanopore MinION (Section 7.2.4) approaches, resulting in 179 to 273 million reads 

per sample for HiSeq and 2.6 to 3.4 million reads per sample for MinION, with an average read length 

of 145.4 bp and 2084.4 bp, respectively (Table 7-1). Reads for all three samples were cross-assembled 

(Section 7.2.2, Section 7.2.4) resulting in 1,302,228 contigs for the HiSeq with sizes ranging from 128 

bp to 656,628 bp and in 13,218 contigs for the MinION ranging from 50 to 279,581 bp (Table 7-2). 

Concatenating HiSeq and MinION co-assemblies followed by the deduplication of reads based on 

>95% identity cut-off (Section 7.2.5) resulted in a total of 1,105,462 contigs (Table 7-2). Assembled 

genomes were subsequently filtered on length (Section 7.2.5), keeping only sequences of at least 

5,000 bp, reducing the total number of contigs to 25,237 (Table 7-2). Finally, contigs were filtered 

based on the DeepVirFinder analysis results with the pvalue cut-off of <0.05 (Section 7.2.5), resulting 

in 23,179 putative phage-only contigs (Table 7-2). Out of these, 18,482 (80%) contigs were obtained 

by de novo assembly of HiSeq reads and the remaining 4,697 (20%) contigs being a result of de novo 

assembly of MinION long reads followed by the polishing using HiSeq short reads (Section 7.2.5). 

Table 7-1 Sequencing results of metagenomic DNA samples. 

Sample Name Location HiSeq reads 
HiSeq avg 

length [bp] 

MinION 

reads 

MinION avg 

length [bp] 

1 Plymouth_Beach 
50°21.74'N 
4°9.92'W 

273,036,692 145.4 2,616,787 2102.9 

2 L4_25m 
50°15.00'N 
4°13.02'W 

178,825,804 145.7 3,386,332 2064.9 

3 L4_surface 
50°15.00'N 
4°13.02'W 

207,884,157 145.2 2,731,331 2090.8 

 
Table 7-2 Results of co-assembly and downstream processing of metagenomic reads.  

Assembly Contigs 

Smallest 

contig 

[bp] 

Largest 

contig 

[bp] 

HiSeq 1,302,228 128 656,628 
MinION 13,218 50 279,581 
HiSeq + MinION 1,315,446 50 656,628 
HiSeq + MinION (deduplicated) 1,105,462 50 656,628 
HiSeq + MinION (deduplicated, length filtered) 25,237 5,000 656,628 
HiSeq + MinION (deduplicated, length filtered, DeepVirFinder) 23,179 5,000 656,628 
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7.3.2 Metagenome assembly: reconstructed phage genomes 

The quality of putative phage contigs (Section 7.3.1) was determined using Checkv analysis (Section 

7.2.5). A total of 367 phage genomes containing either direct terminal repeats (DTRs) or inverted 

terminal repeat sequences (ITRs) were marked as complete. Furthermore, 605 high-quality genomes 

where DTRs or ITRs were not detected, 1,269 medium-quality, likely incomplete phage genomes and 

19,043 low-quality phage genome fragments were identified. Finally, for 1,895 contigs quality was not 

determined by the Checkv analysis (Figure 7-2). Furthermore, seven phage contigs were >200,000 bp 

in length, with six of them (sizes from 200,023 to 351,397 bp) representing jumbo phages (Yuan and 

Gao, 2017) and the largest reconstructed phage contig, 656,628 bp in length, being a representative 

of megaphages (Al-Shayeb et al., 2020; Devoto et al., 2019)(Appendix 18). Finally, all phage genomes 

underwent functional annotation (Section 7.2.5), resulting in a total of 445,849 CDS being detected of 

which 354,927 represented hypothetical proteins with no known function. 

 

 

Out of 23,179 phage contigs, Checkv analysis (Section 7.2.5) resulted in the detection of 508 

putative prophage sequences, of which seven were complete and nine were of high-quality. The 

largest detected putative prophage was a 314,050 bp long, with the largest complete and high-quality 

putative prophage genomes being 179,661 bp and 162,758 bp in length, respectively (Appendix 18). 

Figure 7-2 Distribution of reconstructed metagenomic phage contigs based on Checkv quality 
assessment. Colour denotes quality: red – complete, orange – high quality, blue – medium quality, 
green – low quality, grey – not determined.  
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However, further annotation and in-depth analysis of selected putative prophage genomes revealed 

a lack of integrase genes.  

Finally, vContact2 analysis was performed to cluster metagenomic phage sequences with 

known phages (Section 7.2.5), resulting in the formation of 4,863 distinct clusters (Figure 7-3). 

However, the vast majority of the reconstructed phage genomes represented novel sequences and 

clustered only with other phages reconstructed during this study. Only 77 of the resultant clusters 

comprised known phage sequences alongside the reconstructed phage contigs. As such, only 516 

reconstructed phage genomes (2.2% of all phage genomes) represented relatives of known phages, 

with the relatives of known pelagibacter phages (188 instances), roseobacter phages (73 instances), 

puniceispirillum phages (49 instances), cyanophages (27 instances) and vibriophages (20 instances) 

being the most common (Figure 7-4). Moreover, resulting vContact2 clusters also contained 55 

reconstructed phage genomes that were clustered together with uncultured phage genomes 

identified during other metagenomics studies (Skennerton et al., 2011; Berube et al., 2018; Al-Shayeb 

et al., 2020), including three representatives of megaphages (accessions: LR745206, LR756502 and 

LR756504) (Figure 7-4). Furthermore, out of 516 reconstructed phage genomes with known relatives, 

39 were complete and 68 were marked as high-quality genomes during the Checkv analysis (Section 

7.2.5). 
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 Figure 7-3 Network map of reconstructed phage genomes and their known relatives. Node colours denote: reference phages (teal) from vContact2 ViralRefSeq 
custom database v.94 (Bolduc et al. 2017) and complete (red), high-quality (orange), medium and low-quality (grey) reconstructed phage genomes. Clustering 
was performed using vContact2 (Section 7.2.5). 
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7.3.3 Abundance of metagenomic phages 

The relative abundance of each phage genome in each sample was calculated using the CPM 

method (Section 7.2.6). The CPM values for every phage in each sample followed a normal 

distribution, with >99.1% of the CPM values being within two standard deviations (813.81, 1907.38 

and 514.47 for Plymouth_Beach, L4_25m and L4_surface, respectively) from the mean value of 43.14 

(Figure 7-5). The remaining <0.9% of the contigs: 136, 37 and 203 phages for the Plymouth_Beach, 

L4_25m and L4_surface samples, were marked as highly abundant, with CPM values above the mean 

plus two standard deviations threshold (Figure 7-5).  

 

Figure 7-4 Number of reconstructed phage genomes clustered together with known phages.  
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Figure 7-5 Relative abundances of phage genomes in the metagenomics DNA samples. The 
abundances between three samples: Plymouth_Beach, L4_25m and L4_surface were compared using 
the CPM (counts per million) approach. Blue bars on the histogram represent the TMP values for each 
phage, ordered from the largest to the smallest genome. The orange bar represents the threshold 
(mean TPM plus two standard deviations), above which selected phages were considered as highly 
abundant.  
 

The distribution of reconstructed phage genomes between samples showed 20,098 

sequences being present (CPM > 0) in the Plymouth_Beach sample, 16,632 in the L4_25m sample and 

17,499 in the L4_surface sample, with the majority of the reconstructed phage genomes (15,587 

instances) being present in all three samples (Figure 7-6). Pairwise comparison of all three samples 

showed that L4_25m and L4_surface contained 16,435 genomes common to both of the samples, in 
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contrast with 15,606 for L4_25m and Plymouth_beach and 16,151 for L4_surface and 

Plymouth_beach. Finally, the largest number of unique genomes was present in the Plymouth_beach 

sample with 3,928 instances, followed by L4_surface with 500 genomes and L4_25m with 178 unique 

genomes (Figure 7-6). 

 

Viral clusters generated during the vContact2 analysis (Section 7.2.5, Section 7.3.2, Figure 7-3) 

were inspected to determine the closest relatives of all highly abundant phage genomes (Figure 7-5). 

Ten most abundant phage contigs with CPM values between 24,995 and 89,023 were identified in the 

L4_25m sample (Appendix 18). Eight of these were marked as low-quality genome fragments with 

lengths between 5,216 and 10,020 bp and the two remaining genomes were of medium-quality and 

22,219 and 28,085 bp in length. However, none of these phage contigs were linked to any previously 

known phages in vContact2 clustering (Appendix 18).  

Subsequently, seven highly abundant contigs linked to known phages were detected: 

contig_90, contig_4600, NODE_444, NODE_8840, NODE_6319, contig_8239 and contig_9629 (Table 

Figure 7-6 The distribution of reconstructed phage genomes between the samples. The blue circle 
represents Plymouth_beach, green L4_25m and red L4_surface sample. Numbers in parentheses 
represent the total number of phage genomes present (CPM > 0) in the selected sample. 
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7-3, Appendix 18). Contig_90 was a high-quality reconstructed phage genome 32,651 bp in length that 

was equally represented in both L4_25m and L4_surface samples (CPM values of 2034.30 and 

2004.74, respectively), with vContact2 clustering linking it to known Pelagibacter phages. 

Contig_4600, highly abundant in the Plymouth_beach sample (CPM value of 1668.47), and 63,066 bp 

long, was a high-quality phage genome linked to a known Flavobacterium phage (Table 7-3, Appendix 

18). All the remaining highly abundant phage genomes that clustered together with known phages 

during the vContact2 analysis were present in the L4_surface sample. These included NODE_444, a 

47,316 bp long, complete phage genome linked to a known Pseudomonas phage (CPM value of 

2822.59). Moreover, two low-quality genome-fragments were clustered together with known 

Pelagibacter phages: NODE_8840 (8,938 bp long with CPM value of 774.04) and NODE_6319 (11,152 

bp long with CPM value of 597.20). Finally, two reconstructed high-quality genomes were linked to 

known Roseobacter phages: contig_8239 (81,969 bp long with CPM value of 542.55) and contig_9629 

(47,224 bp long with CPM value of 528.58) (Table 7-3, Appendix 18). 

 

Table 7-3 Clustering results and host determination for highly abundant reconstructed phage 
genomes.  

Contig Length [bp] Quality Sample presence CPM 
Host of closest 

known relatives 

contig_90 32,651 High 
L4_25m 2034.30 

Pelagibacter 
L4_surface 2004.74 

contig_4600 63,066 High Plymouth_beach 1668.47 Flavobacterium 
NODE_444 47,316 Complete L4_surface 2822.59 Pseudomonas 

NODE_8840 8,938 Low L4_surface 774.04 Pelagibacter 
NODE_6319 11,152 Low L4_surface 597.20 Pelagibacter 
contig_8239 81,969 High L4_surface 542.55 Roseobacter 
contig_9629 47,224 High L4_surface 528.58 Roseobacter 

 

 

7.3.4 Analysis of selected metagenomic phage genomes 

Selected complete reconstructed phage genomes were annotated using Prokka (Section 7.2.5) and 

further inspected: NODE_1 as a representative of megaphages, NODE_8 as the most abundant jumbo 

phage and contig_12757 linked to known cyanophages (Table 7-4). 

NODE_1 represented the largest phage reconstructed in this study, with a 656,628 bp long 

genome. Clustering analysis using vContact2 linked NODE_1 with three other megaphages: 642,428 

bp phage (acc: LR756502) reconstructed from Lac Pavin virome (Al-Shayeb et al. 2019), 636,363 bp 

phage (acc: LR756504) obtained from a grassland soil virome from Northern California (Al-Shayeb et 
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al. 2019, Sharrar et al. 2019) and, finally, 634,780 bp megaphage (acc: LR745206) from the deep 

subsurface in Horonobe, Japan (Al-Shayeb et al. 2019). Although this indicated shared gene content 

between the four megaphages, Blastn analysis showed no significant nucleotide similarity between 

them. Prokka analysis resulted in 1062 genes being predicted including 1011 CDS, 50 tRNAs and 1 

tmRNA. Out of these, 840 CDS were annotated as hypothetical and 171 were related to proteins with 

known function (Appendix 19, Figure 7-8). NODE_1 was only present in the Plymouth_beach sample 

in low abundance at 25.17 CPM (Table 7-4).  

 The second inspected contig, NODE_8, was the most abundant jumbo phage reconstructed in 

this study. Its 200,023 bp long genome comprised 298 genes including 14 tRNAs and 284 CDS, of which 

239 encoded for hypothetical proteins (Appendix 19, Figure 7-7). It was most abundant in the 

Plymouth_beach sample (1016.78 CPM). However, it could be also found in the L4_25m sample 

(326.40 CPM) and in the L4_surface sample, albeit at very low abundance of 15.35 CPM (Table 7-4). 

 The third reconstructed phage genome that was inspected was contig_12757, which was 

linked to 25 known cyanophages in vContact2 clustering analysis (acc: AY939843, AF338467, 

EF372997, GU071093, GU071100, GU071102, GU071104, GU071107, HM559717, HQ316584, 

HQ317388, HQ317389, HQ332137, HQ332140, HQ337022, HQ634152, HQ634188, KC310802, 

KC310803, KC310804, KC310805, KC310806, MH540083, MK016662 and MT424636). Reconstructed 

contig_12757 was 82,968 bp long and encoded for 120 CDS of which 48 were annotated as 

hypothetical proteins of unknown function with no tRNAs being present (Appendix 19, Figure 7-9). 

Although it was present in all three water samples, the highest abundance was in the third sampling 

location with CPM values of 171.48 for Plymouth_beach, 189.80 for L4_25m and 421.69 for L4_surface 

sample (Table 7-4), respectively.  
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Table 7-4 Metagenomic phage contigs selected for detailed analysis. Colours denote abundances: orange – phage contig was not present in the selected 
water sample; green – phage contig abundance was above the set threshold for the sample (Section 7.3.3). 

Contig Length [bp] Plymouth_beach [CPM] L4_25m [CPM] L4_surface [CPM] Host of closest known relatives 
NODE_1 656628 25.17 0.00 0.00 - 
NODE_8 200023 1016.78 326.40 15.35 - 

contig_12757 82968 171.48 189.80 421.69 Cyanobacteria 
 

 

 

 

Figure 7-8 Genome map of NODE_1 reconstructed phage genome. Colours denote annotation: cyan – hypothetical proteins, orange – annotated proteins of 
known function. Figure was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 

Figure 7-7 Genome map of NODE_8 reconstructed phage genome. Colours denote annotation: cyan – hypothetical proteins, orange – annotated proteins of 
known function. Figure was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 

Figure 7-9 Genome map of contig_12757 reconstructed phage genome. Colours denote annotation: cyan – hypothetical proteins, orange – annotated proteins 
of known function. Figure was created using Easyfig v.2.2.2 (Sullivan, Petty, and Beatson 2011). 
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7.3.5 Detection of ARGs in the metagenomic samples 

All three metagenomics samples: Plymouth_Beach, L4_25m and L4_surface (Section 7.3.1) were 

analysed for the presence of ARGs using bioinformatics (Section 7.2.5) and functional metagenomics 

(Section 7.2.7) approaches to detect known and novel ARGs, respectively. 

 

7.3.5.1 Detection of known ARGs in metagenomics samples: a bioinformatics approach 

Metagenomics samples were searched for known ARGs using RGI (Section 7.2.5) with CARD (May 

2020), resulting in the detection of three instances of two putative ARGs: mexS in NODE_4503, mexS 

in contig_319 and marR in contig_687 (Table 7-5). Although all three results were marked as strict 

quality hits based on the RGI detection paradigm (Alcock et al., 2019), a further inspection showed 

that they all represented loose cut-off hits that were upgraded to strict due to the 100% identity over 

the length of eight amino-acids against their respective reference sequences (CARD, May 2020). Blastp 

analyses (Section 7.2.5) of the ARGs showed that the putative marR ARG sequence had no known 

matches in the GenBank database, whereas both putative mexS ARGs had 96% identity between them 

and 41% amino-acid identity over 85% of the sequence to a lytic murein transglycosylase (accession: 

WP_021776905.1). 

 

Table 7-5 ARGs detected in the metagenomic DNA assemblies by RGI using CARD (May, 2020). 

ARG RGI cutoff Contig 
Locus 

(#) 
Blastp 

mexS 
Loose upgraded 

to Strict 
NODE_4503 16 

85% coverage, 41% AA identity with lytic 
murein transglycolase (WP_021776905.1) 

mexS 
Loose upgraded 

to Strict 
contig_319 9 

85% coverage, 41% AA identity with lytic 
murein transglycolase (WP_021776905.1) 

marR 
Loose upgraded 

to Strict 
contig_687 18 - 

 

Both NODE_4503 and contig_319 underwent further inspection based on the previous vContact, 

Checkv (Section 7.2.5) and abundance (Section 7.2.6) analyses. NODE_4503 was a 14,019 bp long 

medium-quality genome, whereas contig_319 was marked as a 9,575 bp long low-quality phage 

genome fragment (Appendix 18). NODE_4503 encoded 27 proteins of which 21 were annotated as 

hypothetical and the remaining six consisted of a putative tail tape measure protein, 

carboxypeptidase, metallophosphoesterase, DNA methylase, a putative DNA replication protein and 

HNH endonuclease. Contig_319 encoded 16 proteins of which 13 were annotated as hypothetical in 

addition to the putative methylase, metallophosphoesterase and a tail tape measure protein. In both 
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instances the mexS ARG was annotated as a hypothetical protein, and represented the 16th (out of 27) 

and 9th (out of 16) CDS of NODE_4503 and contig_319, respectively. Finally, the abundances of both 

contigs in their respective samples were measured (Section 7.2.6). Both NODE_4503 and contig_319 

were present in all three samples: Plymouth_Beach, L4_25m and L4_surface (Section 7.3.1) with 

NODE_4503 CPM values of: 12.13, 38.97 and 50.90, and contig_319 CPM values of 948.50, 2424.71 

and 3444.19 for all three samples, respectively (Appendix 18). 

 

7.3.5.2 Detection of novel ARGs in metagenomic samples: functional genomics approach 

The detection of novel ARGs was also performed via a functional metagenomics approach (Section 

7.2.7). Previously amplified metagenomic DNA (Section 7.2.3) was sonicated (Section 7.2.7, Figure 

7-10), ligated with the linearised ARG expression vector (Section 6.3.2, Section 7.2.7, Figure 7-11), 

transformed into competent cells, plated on LBA plates supplemented with antibiotics, and incubated 

overnight (Section 7.2.7).  
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Figure 7-10 Results of whole genome amplification and fragmentation 
by sonication of the Plymouth_Beach DNA sample. 
1: Sample after whole genome amplification and S1 nuclease treatment. 

2: Amplified sample (1) after sonication and end-repair. 

M: 1 kb Plus DNA Ladder (NEB).   

M      1      2 

M     1      2     3 Figure 7-11 Amplification of pBBR1MCS2/cat expression vector backbone for 
the ligation of fragmented metagenomic DNA. 
1: Amplified, ligation-ready pBBR1MCS2/cat backbone after DpnI and NdeI treatment 

followed by gel extraction. 

2: Amplified pBBR1MCS2/cat backbone before DpnI and NdeI treatment. 

3: Control for the presence of cat gene using M13 primers on the ligation-ready 

pBBR1MCS2/cat backbone (1) 

M: 1 kb DNA Ladder (NEB). 
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Following the overnight incubation, no bacterial colonies were detected on any of the LBA 

plates supplemented with antibiotics, except for the transformation control plates containing 25 

µg/mL kanamycin. Transformation efficiency for all three samples:  Plymouth_Beach, L4_25m and 

L4_surface was determined to be, respectively, 1.8x106, 1.6x106 and 1.5x106 cfu/µg of the ligation 

reaction DNA, with an example of a control plate for L4_25m sample being shown below (Figure 7-12). 

Transformation efficiency for the competent cells when using pUC19 control plasmid was determined 

to be 5x109 cfu/µg of pUC19 DNA. 

 

 

 

  

Figure 7-12 Control LBA plate supplemented with kanamycin for L4_25m sample.   
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7.4 Discussion 

Although a combined Illumina and MinION sequencing and genome assembly approach has been used 

previously on both native and multiple displacement amplified genomic templates, as exemplified by 

the sequencing of pathogenic Fusobacterium strains (Todd et al., 2018) and Hepatitis B Virus 

(McNaughton et al., 2019), respectively, it has never been used for successful assembly of a viral 

metagenome. As such, this study represents the first time that short-read sequencing was combined 

with long-read sequencing of whole genome amplified nucleic acids (via multiple displacement 

amplification) to successfully reconstruct and quantify phage genomes from metagenomic viral DNA 

samples. 

Short-reads were assembled by following the previously established protocol to reduce the 

bias caused by the preferential amplification of short inserts during the Illumina library preparation 

(Roux et al., 2019b), resulting in 18,482 reconstructed phage genomes (Section 7.3.1). Subsequently, 

an additional 4,697 unique genomes were reconstructed from MinION long-reads (Section 7.3.1), 

increasing the number of reconstructed contigs by ~25%. This was within the 1.1 to 1.5-fold range 

reported for the similar approach (Warwick-Dugdale et al., 2019b). The multiple displacement 

amplification (MDA) method used in this experiment is known to introduce amplification biases 

resulting in reads being unsuitable for quantitative analyses (Marine et al., 2014). However, the 

combination of HiSeq and MinION approaches circumvented this shortcoming, enabling the 

quantitative analysis of the reconstructed phage genomes by mapping the short-reads to the 

assembled phage contigs (Warwick-Dugdale et al., 2019b). Moreover, the average read length for 

MinION sequencing of multiple displacement amplified metagenomes was ~2 kb, whereas the VirION 

approach using LASL was reported to produce reads of ~4 kb in length on average (Warwick-Dugdale 

et al., 2019b). These differences in read length might be attributed to the use of S1 nuclease during 

debranching of chimaeric DNA formed during MDA (Lasken and Stockwell, 2007). 

 Assembled metagenomic contigs were scanned for the presence of phage genomes or their 

fragments using DeepVirFinder (Ren et al., 2018), resulting in the removal of 2,058 non-viral contigs. 

Subsequently phage contig quality was determined via Checkv (Nayfach et al., 2020) analysis, leading 

to the discovery of 367 complete phage genomes and 605 high-quality genomes that included, 

respectively, seven and nine putative prophages. However, no integrase gene was detected during 

the functional annotation of the three largest putative prophage contigs: NODE_3 (314,050 bp), 

NODE_13 (179,661 bp) and NODE_19 (162,758 bp). As such, it is possible that Checkv provirus 

detection algorithms (Nayfach et al., 2020) misidentified selected contigs as prophages and further 

analysis would be necessary to determine whether those contigs could represent large prophage 

genomes. Furthermore, reconstructed phages included six jumbo phages (Yuan and Gao, 2017), 



 229 

including one putative jumbo-prophage (a medium-quality genome of 314 kb in length) and one 

megaphage with 657 kb long genome (Al-Shayeb et al., 2020; Devoto et al., 2019). This megaphage 

represents the largest phage genome identified within marine water samples and the fourth largest 

reconstructed metagenomic phage contig to date (Al-Shayeb et al., 2020), with the three larger ones 

being found within viromes isolated from freshwater lake and baboon faecal samples (Al-Shayeb et 

al., 2020).  

The clustering analysis using vContact2 was performed (Section 7.3.2) to link reconstructed 

phage genomes with all known phages (Millard, 2019). Only 2.2% of all genomes clustered with known 

phages, with relatives of Pelagibacter, Roseobacter, Puniceispirillum, Cyanobacteria and Vibrio phages 

being the most numerous. As vibriophages (Baross et al., 1978; Moebus and Nattkemper, 1983; 

Kellogg et al., 1995) and cyanophages (Lu et al., 2001; Wang et al., 2011) are ubiquitous in the marine 

environment and well sampled with 485 and 655 phage genomes, respectively, being available in 

public databases (Millard, 2019), the discovery of novel phages related to them was not unexpected. 

Furthermore, the high abundance of phages infecting Pelagibacter (SAR11 clade) (Zhao et al., 2013; 

Zhang et al., 2019b) and Roseobacter (Zhan and Chen, 2019; Zhang et al., 2019a) in the marine 

environment increased the chances of reconstructing novel phages related to the already known 28 

Roseobacter phage and 30 Pelagibacter phage genomes available in the public domain (Millard, 2019). 

Most unexpected was the discovery of 49 novel phage genomes linked to Puniceispirillum (SAR116 

clade) phages (Kang et al., 2013), with only two representative genomes being present in public 

databases (Millard, 2019). However, previous studies indicated the high abundance of SAR116 clade 

viruses in the marine environment (Kang et al., 2013), increased the likelihood of reconstructing their 

genomes during viral metagenomics analyses. Finally, the novel phages discovered during this study 

are the proverbial “tip of the iceberg”, with multiple studies confirming the high prevalence of diverse, 

yet uncharacterised phages linked to known Pelagibacter, Roseobacter, Puniceispirillum, 

Cyanobacteria and Vibrio phages in the marine environment (Coutinho et al., 2017; Martinez-

Hernandez et al., 2017; Garin-Fernandez et al., 2018; Focardi et al., 2020). 

The summed relative abundance of all the reconstructed genomes that were linked to known 

phages was between 1.25% to 2.5% of the total CPM per sample, indicating that over 97.5% of the 

recovered phages belonged to the viral dark matter: previously unknown and uncharacterized viral 

sequences (Reyes et al., 2012; Roux et al., 2015; Krishnamurthy and Wang, 2017). These numbers 

were in accordance with prior studies on marine viromes, which classified up to 97% of the samples 

as the viral dark matter (Breitbart et al., 2002; Angly et al., 2006; Bench et al., 2007; Youle et al., 2012; 

Hurwitz and Sullivan, 2013). However, the number of reconstructed complete and high-quality phage 

genomes in this project was much higher than in the aforementioned studies. Furthermore, the 
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analysis performed in this study used more sensitive methods for the detection of viral sequences and 

their taxonomic classification (Krishnamurthy and Wang, 2017)(Section 7.2.5) than in the 

aforementioned studies with more reference genomes being available (Millard, 2019) for the 

comparative analyses. Nevertheless, the majority of reconstructed metagenomic phages still 

represented uncharacterised viral sequences (Section 7.3.2). Moreover, previous study of viromes 

obtained from Western Channel Observatory water samples resulted in only 2,645 contigs of >10kb 

in length being recovered (Warwick-Dugdale et al., 2019b), with ~85% of the detected proteins being 

annotated as hypothetical proteins of unknown function. In this study, 9,778 contigs of >10kb were 

reconstructed with ~79,6% of detected CDS being annotated as encoding hypothetical proteins. The 

difference in the reconstruction rate of phage genomes can be attributed to the increased read yields 

in this study (~95 Gbp short-reads and ~18 Gbp long-reads) in comparison with 30.8 Gbp and 0.39 

Gbp, respectively, for the prior analysis (Warwick-Dugdale et al., 2019b). This correlation between 

sequencing depth and increased reconstruction rate of phage genomes has been previously observed 

during the gut phageome analysis (D’Humières et al., 2019). Finally, the comparison between this and 

previous studies of marine viromes (Breitbart et al., 2002; Angly et al., 2006; Bench et al., 2007; Youle 

et al., 2012; Hurwitz and Sullivan, 2013; Warwick-Dugdale et al., 2019b) shows that the lack of 

reference sequences is still a major bottleneck for the classification of novel phage genomes (De Corte 

et al., 2019), which cannot be easily alleviated by the improved sequencing or analytical methods. 

Although the vast majority of the reconstructed phage genomes were not linked to any 

currently known phages, their abundances were determined by mapping Illumina short-reads to the 

assembled phage contigs (Section 7.2.2). The largest number of phage sequences were detected in 

the Plymouth_Beach sample, followed by the L4_surface sample, with the least amount being linked 

to the L4_25m sample (Section 7.3.3), which is in accordance with previous observations that phage 

abundance decreases with the distance to the shore and deeper into the water column (Cochlan et 

al., 1993; Suttle, 2007). The composition of the three viromes showed high similarity, with over 67% 

of the reconstructed phage genomes being present in all samples. This was even more apparent for 

L4_surface and L4_25m sampling locations both of which shared 88% of their viral genomic content, 

with the former having the larger genomic diversity than the latter. Finally, the Plymouth_beach 

estuarine water sample, containing mixed waters of the river Tamar and Plymouth Sound, sported the 

highest viral diversity. This could be explained by higher abundance of phages in the estuaries when 

compared with the marine environment (Cochlan et al., 1993). 

The abundances of reconstructed phage genomes in all three samples were inspected (Section 

7.3.3). The ten most abundant contigs were linked to the L4_25m sampling location, accounting for 

38,9% of the phage genomes present in the sample. However, their prevalence was much lower near 
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the surface, as they comprised only 0.07% of the total phage genomes in the L4_surface sample. 

Clustering analysis using vContact2 failed to link the aforementioned contigs with known phages. 

Moreover, all ten contigs represented low- and medium-quality genome fragments, with Checkv 

completeness values of 13 to 67% (Appendix 18). As such, these genomes may represent novel, yet 

unsampled phages resulting in their completeness being underestimated by Checkv analysis (Nayfach 

et al., 2020). Alternatively, they might be fragmented phage genomes or mis-assembled contigs during 

the cross-assembly of reads from all three samples. The latter could be ruled out by re-assembly of 

the reads obtained from the L4_25m sample, in which the reconstructed contigs were the most 

prevalent.  

 Clustering analysis of the remaining highly abundant (with CPM values above the median plus 

two standard deviations threshold) phage genomes indicated the presence of phages linked to known 

Pelagibacter, Roseobacter, Flavobacterium and Pseudomonas phages. For example, contig_90, 

present in both L4_surface and L4_25m samples was clustered together with known Pelagibacter 

phages: HTVC026P, HTVC111P, HTVC112P, HTVC202P (acc: MN698240, MN698245, MN698246 and 

MN698248) of similar length, indicating that it might also represent a Pelagibacter phage. This could 

also explain its high abundance in the water samples, as pelagiphages are ubiquitous in marine 

viromes (Zhang et al., 2019b). Similarly, contig_4600 found only in the Plymouth_beach sample 

clustered together with Flavobacterium phages: vB_FspM_lotta8-1, vB_FspM_lotta8-2 and 

vB_FspM_pippi8-1 (acc: MN812203, MN812203, MN812203) suggesting that it could be a 

representative of Flavobacterium phages (Nilsson et al., 2020). However, contig_4600 was 63 kbp 

long, whereas the aforementioned Flavobacterium phages were ~34 kbp in length. As such, further 

analyses are necessary to determine their relatedness. Finally, five contigs that were highly abundant 

in the L4_surface sample clustered together with known phages: NODE_444 was linked to 

Pseudomonas phages, NODE_8840 and NODE_6319 to Pelagibacter phages, and contig_8239 and 

contig_9629 to Roseobacter phages. This was not unexpected, as previous studies on marine viruses 

confirmed that the SAR11 clade (Pelagibacter) phages (Zhao et al., 2013; Zhang et al., 2019b) and 

Roseobacter phages (Zhan and Chen, 2019; Zhang et al., 2019a) are prevalent globally in the marine 

environment. Furthermore, a prior study on the Western Channel Observatory L4 sampling site virome 

also reported high abundance of Pelagibacter phages (Warwick-Dugdale et al., 2019b) similar to the 

globally abundant HTVC010P phage (Zhao et al., 2013). 

 In addition to the aforementioned contigs, selected reconstructed phage genomes underwent 

more detailed inspection (Section 7.3.4): NODE_1, NODE_8 and contig_12757. NODE_1 was a novel 

representative of megaphages (Al-Shayeb et al., 2020; Devoto et al., 2019), with a 656,628 bp long 

genome. This makes it the fourth largest megaphage reconstructed to date from metagenomics 
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datasets, after two 735,411 bp megaphages (acc: LR756501, LR756503) from Lac Pavin water samples 

(Al-Shayeb et al., 2020) and one 705,585 megaphage from Kenyan baboon faecal sample virome 

(Devoto et al., 2019). NODE_1 was clustered based on the shared genomic content with three other, 

previously identified, megaphages. However, there were no significant nucleotide similarities 

between them, nor between any other known megaphages. The majority of the predicted genes for 

NODE_1 encoded hypothetical proteins of unknown function, with only a few structural proteins being 

identified. A large phage genome implies a large virion particle size, which is necessary for the 

accommodation of the nucleic acids (Yuan and Gao, 2017). As water samples were pre-filtered using 

0.22 µm average pore size filters, this suggests that the smallest dimension of NODE_1 megaphage 

capsid could be ~220 nm in size or less. Finally, megaphages were previously only detected in 

freshwater, soil, deep subsurface and both human and animal faecal samples (Al-Shayeb et al., 2020; 

Devoto et al., 2019). As such, NODE_1, which was identified within the Plymouth_beach estuarine 

water virome, represents the first megaphage genome reconstructed from marine water samples.  

NODE_8 was the smallest, yet most abundant “jumbo phage” genome (Yuan and Gao, 2017) 

reconstructed in this study. Although it was highly prevalent in the estuarine Plymouth_beach sample, 

it could also be detected in marine water samples: L4_surface and L4_25m, albeit at a lower 

abundance. Similarly to other large phages, the majority of genes predicted for NODE_8 phage 

encoded hypothetical proteins of unknown function. Analysis using vContact2 clustered NODE_8 with 

another phage reconstructed in this study: 199,880 bp long contig_8374. Subsequent Blastn analysis 

indicated 99,98% identity between both phages, with a further inspection showing multiple indels 

between both genomes. Moreover, both contigs were assembled using different approaches: NODE_8 

with Illumina short-reads and contig_8374 with MinION long-reads polished using Illumina short-

reads. As such, the error rate of MinION sequencing (Tyler et al., 2018), even after the application of 

a polishing step using more accurate short-reads (Goldstein et al., 2019), might have resulted in the 

0.02% discrepancy between nucleotide content of both phage genomes.  

 The third reconstructed phage genome that underwent further inspection was contig_12757. 

This 82,968 bp long contig encoded 120 proteins, the majority of which encoded proteins with known 

function, such as phage structural proteins. Furthermore, gene annotation led to the discovery of a 

putative photosynthesis-related hli gene encoding a high-light inducible protein (Havaux et al., 2003). 

This gene had  >75% nucleotide identity to hli present in multiple cyanophages, such as Synechococcus 

phage S-CBP4, acc: YP_009103794 (Huang et al., 2015) or cyanophage S-RIM4, acc:QBQ75093 (Sabehi 

et al., 2012), suggesting that contig_12757 might be related to them. Indeed, contig_12757 clustered 

together with 25 other cyanophages based on the common gene content, with most shared genes 

encoding for structural proteins. However, Blastn analysis showed no significant similarities in 
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nucleotide sequences between these phages. Moreover, all known cyanophages belonging to this 

cluster had genomes of ~45 kb in length, shorter than the reconstructed contig_12757. Finally, 

contig_12757 was present in all three sampling sites, with previous analysis of English Channel water 

samples, indicating a high prevalence of cyanophages (Garin-Fernandez et al., 2018). As such, 

contig_12757 might represent a novel cyanophage genome prevalent in English Channel waters. 

 All three viromes: Plymouth_beach, L4_surface and L4_25m were analysed for the presence 

of known and novel ARGs (Section 7.3.5). Three putative strict-quality hits were detected during the 

RGI analysis of the assembled metagenomic contigs in: contig_687 (marR ARG), contig_319 (mexS 

ARG) and NODE_4503 (mexS ARG), with more detailed inspection of the detection paradigms for all 

three hits showing that they were loose cut-off hits upgraded to strict. A following Blastp analysis 

resulted in no hits for the marR gene and two 85% coverage, 41% identity hits against a lytic murein 

transglycolase (WP_021776905.1) for both mexS genes. Although the lytic murein transglycolase does 

not figure on the list of putative ARGs in CARD (Alcock et al., 2019), studies show that inactivation of 

the gene can lead to the increased susceptibility to aminoglycosides and macrolides in 

Stenotrophomonas maltophilia (Wu et al., 2016). Simultaneously, studies show that phage lytic 

transglycosylases, for example bacteriophage φKZ lytic transglycosylase gp144 (Fokine et al., 2008), 

are used in the last stage of the infection to facilitate progeny phage release from the cell. As such, 

further studies would be necessary to determine whether this phage-encoded putative lytic murein 

transglycosylase gene can provide increased levels of protection against antibiotics or can act as a 

potential bacteriolytic agent. This is especially of interest, as contig_319, a putative Pelagibacter 

phage, is one of the most abundant reconstructed phages present in all three water samples that were 

analysed in this study.  

The number of detected ARGs as a percent of the total predicted genes equaled 0.0007%, 

which was lower than the 0.001-0.1% reported for the free viruses present in the metagenomic 

samples of Debroas and Siguret (2019). However, this percentage was not corrected for the relative 

abundances of phage contigs encoding putative ARGs. As contig_319, encoding a putative mexS/lytic 

murein transglycolase, is over 50 times more abundant than the median for all three samples, the 

prevalence of the putative ARG was also higher than 0.0007%. Furthermore, this study used RGI with 

the CARD database, which is an alignment-based ARG detection tool (Jia et al., 2017; Alcock et al., 

2019). More sensitive software exists such as ResFams, which uses a hidden markov model (Gibson et 

al., 2015), PCM that incorporates machine learning to detect ARGs based on their structure (Ruppé et 

al., 2019) or deepARG for the detection of ARGs from metagenomic reads (Arango-Argoty et al., 2018). 

This could potentially lead to the improved detection rates of ARGs within the assembled viromes.  
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 Functional metagenomics analysis was undertaken to detect novel ARGs within each of the 

three water samples: Plymouth_beach, L4_surface and L4_25m (Section 7.3.5.2). This resulted in no 

clones resistant to the tested antibiotics being detected. One of the reasons why the experiment failed 

to detect any ARGs could be due to the low transformation efficiency of ~1.63x106 cfu/µg of the 

ligation reaction DNA combined with nanogram amounts of input DNA (Section 7.3.5.2). Furthermore, 

the experiment involved a multiple displacement amplification step, which is known to preferentially 

amplify short, ssDNA phage genomes. This might have diluted the larger dsDNA phage genomes which 

usually contain larger amount of AMGs, thus reducing the chance of cloning a phage-encoded ARG 

into the expression vector. Moreover, the lack of a size-selection step after sonication might have also 

reduced the efficiency of ligation and subsequent ARG detection. Finally, it is possible that the samples 

were poor for phage-encoded ARGs. Functional metagenomics analysis of viral fraction DNAs to detect 

novel ARGs was, to my knowledge, performed only once before with no ARGs being detected (Parsley 

et al., 2010), possibly due to the short average insert lengths (662 bp) which would not be able to 

capture most of the ARGs. However, a more recent study led to the discovery of a novel clade of beta-

lactamases (Moon et al., 2020) indicating that viromes can contain novel functional ARGs. 

 A previous study suggested that ARG numbers detected in viral metagenomic datasets were 

vastly overestimated (Enault et al., 2017). This was contradicted by two follow-up studies that 

discovered a large number of ARGs encoded by phage genomes in marine, freshwater, sewage and 

faecal viromes (Lekunberri et al., 2017)(Debroas and Siguret, 2019). However, during this study no 

known ARGs were detected neither via bioinformatics nor functional metagenomics approaches. 

Furthermore, prior functional metagenomics experiments performed on viromes also failed to 

capture functional ARGs, even when putative sequences were detected via bioinformatics approaches 

(Parsley et al., 2010). This could indicate that functional ARGs are indeed rarely encoded by phage 

genomes. However, more in-depth analyses that include the spatial distribution of the ARGs detected 

within the viromes are necessary, to determine whether ARGs are prevalent globally in the marine 

environment or only abundant in a selected few viral metagenomes. 
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Chapter 8 

Conclusions and future directions 

8. HIDDEN HEADING 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 236 

During this study the role of phages in mediating the transfer of ARGs in the marine environment was 

investigated. This was done by assessing the ability of selected marine coliphages and Vibrio phages 

to facilitate generalized transduction, determining the prevalence and distribution of prophages 

infecting Vibrio spp. and ARGs encoded by them and analysing the environmental viromes for the 

presence of phage-associated ARGs. 

 

8.1 Determination of the diversity and transduction efficiency of marine coliphages to establish a 

framework for the analysis of marine phages. 

As a first step, 10 coliphages were isolated from seawater to establish a framework for the analysis of 

transduction in marine phages (Section 3). The in-depth genomic, phylogenetic, morphological, host 

range, infection parameters, proteomic and transduction analyses, provided a through 

characterisation of the phages, leading to the identification of several new phage species.  

Host range and infection parameter analyses showed large variability between phages 

belonging to the same genus: vB_Eco_mar003J3 and vB_Eco_mar004NP2 and even to the same phage 

species, as exemplified by phages vB_Eco_swan01 and vB_Eco_mar002J2, highlighting that even 

closely related phages at the genomic level can have very different phenotypic properties. However, 

it was not possible to fully determine if this extended to transduction with the transduction 

experiments being inconclusive. The inability of stopping the progeny phage infections by chelating 

Ca2+ ions using sodium citrate (Thomason et al., 2007) led to superinfection and resulted in the lysis 

of putative transductants containing marker genes. To circumvent this, phage antiserum could be 

developed and used to stop the secondary infections. However, a different approach could also be 

undertaken by using the encapsidation frequency of the host genes as a proxy for the transduction 

rate (Clokie et al., 2003). 

The analytical framework developed in this chapter was subsequently applied for the in-depth 

analysis of marine Vibrio phages isolates. 

 

8.2 Determination of the diversity and transduction efficiency of marine Vibrio phages. 

A total of 59 phages lysates were obtained from marine water samples on a range of Vibrio spp. hosts 

and analysed using a previously established framework to determine their diversity and transduction 

efficiency (Section 4). This led to the exhaustive characterisation of two novel lytic Vibrio phages and 

the isolation of a plethora of prophages from the host, which were dominated by ssDNA filamentous 

phages belonging to the family Inoviridae. 
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 Experiments showed that that the Nextera XT dsDNA library preparation kit used in this study 

could capture chimaeric ssDNA/ssDNA constructs, resulting in palindromic fragments of ssDNA phages 

containing hallmark Inovirus genes being identified within the environmental phage lysates. However, 

the exact genomic composition of these lysates including the presence of putative environmental 

Inoviruses could not be determined, as this would require the use of a ssDNA library preparation kit. 

Furthermore, de novo assembly of mixed dsDNA and chimaeric ssDNA reads resulted in failed 

reconstruction of sequenced Vibrio host genomes within the Inoviridae prophage regions. This issue, 

however, was partially alleviated by the co-assembly of short and long reads. Finally, prophage 

induction studies on selected Vibrios could be performed and followed by phage host range analyses 

to determine whether the detected Inoviruses can infect other Vibrio species, thus taking part in the 

possible transduction of bacterial genetic material. 

The characterisation of two novel Vibrio phages showed high phenotypic diversity of closely 

related phages, exemplified by a large variation in the host range of vB_VpaS_sm030 and ValSw4_1. 

However, it should be determined whether the differences in host range were due to the test strain 

selection and experimental conditions or were caused by slight genetic differences (<3% ANI) between 

the phages. However, this would require an access to ValSw4_1. Analysis of the second isolated phage, 

vB_VpaM_sm033, indicated that it was sensitive to chloroform. Although some of the non-enveloped 

phages have been previously reported to be chloroform sensitive, the reason for this characteristic is 

still unknown. As such, both vB_VpaM_sm033 and its relative Vibrio phage BONAISHI could be studied 

by lipidomics analyses to determine whether they contain an inner lipid membrane, similar to phages 

PM2 and PRD1 (Kivelä et al., 2002; Strömsten et al., 2003). Finally, no encapsidation of the host DNA 

marker gene by phage vB_VpaS_sm030 was detected in the qPCR analysis. Previous experiments on 

Vibrio phage transduction indicating that the encapsidation rates may be as low as 10-8 

transductants/PFU (Ogg et al., 1981; Thiyagarajan et al., 2011) might explain this finding. To overcome 

this, the experiment could be repeated with high titre (>1010 PFU) lysate, to ensure that the number 

of putative transducing particles is above the detection threshold of 1.5x10-13 g determined for this 

method. 

 Although both marine coliphage and Vibrio phage transduction experiments reached their 

limits of detection, the small selection of phages undergoing analyses could result in generalized 

transduction being not observed in this study regardless of the aforementioned limits. As such, larger 

scale studies focused solely on generalized transduction using a variety of lytic phages, both closely 

related (for example belonging to same phage species) and unrelated to each other are necessary to 

fully understand the role of generalized transduction in the dissemination of ARGs.  
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8.3 Determination of the prevalence and diversity of Vibrio prophages and ARGs encoded by them. 

The largest to date analysis of all prophages within a single genus of bacteria was performed. All 

publicly available Vibrio genomes (8,681 instances) were screened to identify and determine the 

diversity and prevalence of their prophages and ARGs encoded by them (Section 5). This study showed 

that although Vibrio prophages, especially of the family Inoviridae, are common and highly diverse, 

~25% of the detected sequences were not related to any currently known phages. Furthermore, the 

number of detected ARGs was ten-fold higher than previously reported for prophage-encoded ARGs 

(Debroas and Siguret, 2019). 

During this study PHASTER detection limits became apparent, with the software’s inability to 

discern between tandemly integrated prophages such as CTX, TSL and RS1 (Davis and Waldor, 2000; 

Kim et al., 2017) resulting in a single prophage region being identified in their place. The resolution of 

detection was improved by applying MASH and vContact2 clustering analyses, resulting in 13 variants 

of CTXphi-like prophages being singled out. However, a more stringent pipeline would be necessary 

to fully uncover the diversity and separate CTXphi from other tandemly integrated prophages. 

Furthermore, the analysis resulted in the detection of a single instance of V. cholerae VEJphi-like 

prophage integrated in the V. parahaemolyticus genome. As VEJphi is able to mobilize CTXphi, it would 

be beneficial to determine whether the detected VEJphi-like prophage of V. parahaemolyticus (sample 

ID: SAMN03945150) can be induced and used to infect both V. cholerae and V. parahaemolyticus 

strains and act as a vector for transmission of ctxAB genes between two Vibrio species. Finally, the 

database constructed in this study can be used as a reference for the identification of putative 

temperate Vibrio phages. For example, lytic phage VPUSM 8 which was suggested as a V. cholerae 

biocontrol agent (Al-Fendi et al., 2017) was found to be closely related to V. cholerae prophages of 

the K139 species lysogenising a wide range of V. cholerae strains, thus being unsuitable for phage 

therapy applications.  

Although the detection rate of ARGs within Vibrio prophages was higher than previously 

suggested for integrated phages, publicly available databases comprised mostly of the clinical isolates 

of V. cholerae and V. parahaemolyticus, which might have biased the results. However, as both of 

these are important human and aquaculture pathogens, only large-scale studies coupled with 

sequencing of environmental Vibrio genomes could help alleviate this bias. Furthermore, the CARD 

database was previously criticized for over-predicting ARGs from the drug transporter category 

(Enault et al., 2017). However, the majority of the ARGs detected in this study encoded for products 

that inactivated antibiotic molecules, with ARGs taking part in antibiotic efflux being the least 

common. Moreover, the majority of the ARGs were detected on questionable and incomplete 

prophage-like sequences. To determine whether these sequences represent actual prophages, large 
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scale induction studies would be necessary. Finally, it would be of interest to explore both the gene 

neigbourhoods of the putative prophage-encoded ARGs as well as the neighbourhoods of prophage 

integration sites within the bacterial chromosomes to determine the possible host range of prophages 

and their ability to mobilize ARGs into the different hosts. 

 

8.4 Functional analysis of prophage-encoded ARGs. 

The detection of ARGs encoded on prophage-like elements was followed by the functional analysis of 

selected genes (Section 6). This confirmed the functionality of all tested perfect and strict detection 

cutoff ARGs and led to the discovery of a novel cat ARG encoding for chloramphenicol 

acetyltransferase. 

The studies performed are a prime example of in-silico analysis resulting in the discovery of 

not only a novel, but also a prophage-encoded, functional ARG. This could be followed by prophage 

induction studies to determine the functionality of the ARG-encoding prophage. Furthermore, host 

range and transduction rate analyses could be performed to determine the ability of this putative 

temperate phage to disseminate cat ARG between different Vibrio strains. However, as these analyses 

require access to the host strain, it was not possible to perform them during this study. Furthermore, 

the discovery of a novel functional cat gene suggests that the use of experimental cut-offs for the 

detection of putative ARGs (Enault et al., 2017) should be re-evaluated. 

 

8.4 Determination of the prevalence and functionality of ARGs found within the viral fraction of 

marine water samples. 

Finally, three viromes obtained from water from the southern coast of England and the English 

Channel were analysed for the presence of phage-encoded ARGs (Section 7). This led to the 

reconstruction of 23,179 phage genomes including the largest marine megaphage, of which 97.5% 

represented novel sequences, with the most abundant phage contigs being linked to ubiquitous 

Pelagibacter and Roseobacter phages. However, both metagenomic and functional metagenomic 

approaches resulted in the detection of only three loose cutoff ARGs. 

The increased sequencing read yields obtained in this study when compared with previous 

analyses (Warwick-Dugdale et al., 2019b) resulted in a higher phage genome reconstruction rate. This, 

however, did not result in higher classification rate of novel phage genomes, which is still limited by 

the lack of reference sequences. Similarly, the low discovery rate of ARGs might also be linked with 

the limited number of reference sequences used. Detection rates could be potentially improved by 

using additional software and curated databases such as ResFams (Gibson, Forsberg, and Dantas 
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2015), PCM (Ruppé et al. 2019) or deepARG (Arango-Argoty et al. 2018). Finally, the functional 

metagenomics approach yielded no clones resistant to the tested antibiotics, suggesting that the 

experimental procedures would need to be further optimized to enable the discovery of novel phage-

encoded ARGs. There has been only one functional metagenomics study performed on the viral DNA 

fraction to date (Parsley et al., 2010), which also failed to obtain antibiotic resistant clones. As such, 

the optimization of experimental procedures would need to be performed incrementally. Changes 

such as: replacement of whole genome amplification by linker amplified shotgun library to increase 

the yields of double-stranded phage DNA, the size selection of fragments post-sonication and more 

efficient ligation of fragmented DNA to the expression vector could possibly improve the 

transformation efficiency and the results of the experiment. Moreover, different bacterial host 

species, preferably of marine origin (such as Vibrio spp.), could be used to minimize the issues caused 

by heterologous host expression systems. For example complementation of antibiotic resistant gyrase 

A subunit by gyrase B subunit from different species could result in the reduced (or lack of) activity of 

the reconstituted enzyme.  

 

8.5 Final conclusions 

Although studies on phages and their role in the transfer of ARGs are becoming more common, their 

results are often contradictory (Enault et al., 2017; Debroas and Siguret, 2019). To date, it has not 

been determined whether it is specialised, generalized or lateral transduction that plays the most 

important role in the phage-mediated transfer of ARGs, nor if phages are an important reservoir of 

ARGs in the environment. The results of this study add another piece to the phage-mediated-transfer-

of-ARGs jigsaw, indicating a higher prevalence of ARGs within the prophage genomes and a lower 

number of ARGs in the phage-fraction derivered from marine water samples than previously reported. 

Moreover, the results also show that exploratory cut-offs used for ARG detection cannot be dismissed, 

with novel resistance genes being identified in this and other studies (Moon et al., 2020).  
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Appendix 1: List of primers used in the project 

 

Primer Description Sequence 

SM 048 pBBR1MCS-2 vector backbone FWD GTTTGTCGGTGAACGCTCTCGGTACCCAGCTTTTGTTCCC 

SM 049 pBBR1MCS-2 vector backbone REV AGGACTGAGCTAGCTGTCAAGAGCTCCAATTCGCCCTATA 

SM 050 pBBR1MCS-2 gblock (2nd batch) insert FWD TATAGGGCGAATTGGAGCTCTTGACAGCTAGCTCAGTCCT 

SM 051 pBBR1MCS-2 gblock (2nd batch) insert REV GGGAACAAAAGCTGGGTACCGAGAGCGTTCACCGACAAAC 

SM 052 M13 FWD insert sequencing primer GTAAAACGACGGCCAGT 

SM 053 M13 REV insert sequencing primer CAGGAAACAGCTATGAC 

SM 054 pBBR1MCS-2/tem1/aadA assembly FWD (1) - vector CCAAGGTAGTCGGCAAATAACCAGGCATCAAATAAAACGA 

SM 055 pBBR1MCS-2/tem1/aadA assembly REV (1) - vector GCGATCACCGCTTCCCTCATCTAGTATTTCTCCTCTTTCTCTAGG 

SM 056 pBBR1MCS-2/tem1/aadA assembly FWD (2) - insert AGAAAGAGGAGAAATACTAGATGAGGGAAGCGGTGATCG 

SM 057 pBBR1MCS-2/tem1/aadA assembly REV (2) - insert TCGTTTTATTTGATGCCTGGTTATTTGCCGACTACCTTGGTG 

SM 058 pBBR1MCS-2/tem1/cat assembly FWD (1) - vector ATTGCGAGCCTGATTCGTGACCAGGCATCAAATAAAACGA 

SM 059 pBBR1MCS-2/tem1/cat assembly REV (1) - vector GTCGGATTTATTTTCTGCATCTAGTATTTCTCCTCTTTCTCTAGG 

SM 060 pBBR1MCS-2/tem1/cat assembly FWD (2) - insert AGAAAGAGGAGAAATACTAGATGCAGAAAATAAATCCGACTTATACCG 

SM 061 pBBR1MCS-2/tem1/cat assembly REV (2) - insert TCGTTTTATTTGATGCCTGGTCACGAATCAGGCTCGCAAT 

SM 062 pBBR1MCS-2/tem1/dfrA1 assembly FWD (1) - vector AAATCTGGCAAAAGGGTTAACCAGGCATCAAATAAAACGA 

SM 063 pBBR1MCS-2/tem1/dfrA1 assembly REV (1) - vector ACCATTAGTGATAGTTTCATCTAGTATTTCTCCTCTTTCTCTAGGC 

SM 064 pBBR1MCS-2/tem1/dfrA1 assembly FWD (2) - insert AGAAAGAGGAGAAATACTAGATGAAACTATCACTAATGGTAGC 

SM 065 pBBR1MCS-2/tem1/dfrA1 assembly REV (2) - insert TCGTTTTATTTGATGCCTGGTTAACCCTTTTGCCAGATTT 

SM 066 pBBR1MCS-2/tem1/Ef-Tu assembly FWD (1) - vector GACGGGATTTGAACCTGTGACCAGGCATCAAATAAAACGA 

SM 067 pBBR1MCS-2/tem1/Ef-Tu assembly REV (1) - vector TCAAATTTTGCTTTAGACATCTAGTATTTCTCCTCTTTCTCTAGGC 

SM 068 pBBR1MCS-2/tem1/Ef-Tu assembly FWD (2) - insert AGAAAGAGGAGAAATACTAGATGTCTAAAGCAAAATTTGAACG 

SM 069 pBBR1MCS-2/tem1/Ef-Tu assembly REV (2) - insert TCGTTTTATTTGATGCCTGGTCACAGGTTCAAATCCCGTC 

SM 070 pBBR1MCS-2/tem1/gyrA assembly FWD (1) - vector GATCACCATTGATGAGTTGACCAGGCATCAAATAAAACGA 

SM 071 pBBR1MCS-2/tem1/gyrA assembly REV (1) - vector TCTTTAGCTAGATCGCTCATCTAGTATTTCTCCTCTTTCTCTAGGC 

SM 072 pBBR1MCS-2/tem1/gyrA assembly FWD (2) - insert AGAAAGAGGAGAAATACTAGATGAGCGATCTAGCTAAAGA 

SM 073 pBBR1MCS-2/tem1/gyrA assembly REV (2) - insert TCGTTTTATTTGATGCCTGGTCAACTCATCAATGGTGATC 

SM 074 pBBR1MCS-2/tem1/parE assembly FWD (1) - vector GCGATTTGGCAGAGGTTTAACCAGGCATCAAATAAAACGA 

SM 075 pBBR1MCS-2/tem1/parE assembly REV (1) - vector AACCATCTTCGTAGTACCACCTAGTATTTCTCCTCTTTCTCTAGGC 

SM 076 pBBR1MCS-2/tem1/parE assembly FWD (2) - insert AGAAAGAGGAGAAATACTAGGTGGTACTACGAAGATGGTTTG 

SM 077 pBBR1MCS-2/tem1/parE assembly REV (2) - insert TCGTTTTATTTGATGCCTGGTTAAACCTCTGCCAAATCGC 

SM 078 pBBR1MCS-2/tem1/PmrE assembly FWD (1) - vector ATCTGTTTGGGCAAGATTGACCAGGCATCAAATAAAACGA 

SM 079 pBBR1MCS-2/tem1/PmrE assembly REV (1) - vector CCCGCAATCGCAATCTTCATCTAGTATTTCTCCTCTTTCTCTAGGC 

SM 080 pBBR1MCS-2/tem1/PmrE assembly FWD (2) - insert AGAAAGAGGAGAAATACTAGATGAAGATTGCGATTGCGGG 

SM 081 pBBR1MCS-2/tem1/PmrE assembly REV (2) - insert TCGTTTTATTTGATGCCTGGTCAATCTTGCCCAAACAGATCG 

SM 082 pBBR1MCS-2/tem1/SAT-1 assembly FWD (1) - vector GAGCACAGGATGACGCCTAACCAGGCATCAAATAAAACGA 

SM 083 pBBR1MCS-2/tem1/SAT-1 assembly REV (1) - vector GGGATCACCGAAATCTTCATCTAGTATTTCTCCTCTTTCTCTAGGC 

SM 084 pBBR1MCS-2/tem1/SAT-1 assembly FWD (2) - insert AGAAAGAGGAGAAATACTAGATGAAGATTTCGGTGATCCC 

SM 085 pBBR1MCS-2/tem1/SAT-1 assembly REV (2) - insert TCGTTTTATTTGATGCCTGGTTAGGCGTCATCCTGTGCTC 

SM 086 pBBR1MCS-2/tem1/blunt FWD - functional metagenomics vector CCAGGCATCAAATAAAACGA 

SM 087 pBBR1MCS-2/tem1/blunt REV - functional metagenomics vector CTAGTATTTCTCCTCTTTCTCTAGGC 

SM 086ext pBBR1MCS-2/tem1/blunt FWD extended (increased specificity) CCAGGCATCAAATAAAACGAAAGGCTCAGT 

SM 087ext pBBR1MCS-2/tem1/blunt REV extended (increased specificity) CTAGTATTTCTCCTCTTTCTCTAGGCTAGCATTATACC 

SMq1 qPCR/sm030/F1 - phage large terminase set1 CAGCCGCGATTGGTCAGAAC 
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SMq2 qPCR/sm030/R1 - phage large terminase set1 TTGGTCATACACTCCGCCCC 

SMq3 qPCR/sm030/F2 - phage large terminase set2 AAGCCCGAGGGCACCTATTC 

SMq4 qPCR/sm030/R2 - phage large terminase set2 TACGTCTTGCGGGGGTCTTC 

SMq5 qPCR/VPN/F1 - V.parahaemolyticus (NCIMB) beta-lactamase set1 CTGGCTGGACAAAGCACACG 

SMq6 qPCR/VPN/R1 - V.parahaemolyticus (NCIMB) beta-lactamase set1 ACAGCGTGACCGCTTTAGGA 

SMq7 qPCR/VPN/F2 - V.parahaemolyticus (NCIMB) beta-lactamase set2 TAACTACGGTTCACGCGGCA 

SMq8 qPCR/VPN/R2 - V.parahaemolyticus (NCIMB) beta-lactamase set2 TCGCGAGCTTGAAGCGAAAG 

 

 

Appendix 2: Command line parameters 

 

clumpify.sh v.37.54 (Bushnell, 2019):  

dedupe   removes duplicate reads 

subs=0    maximum substitutions allowed between duplicates (0) 

passes=2  use this many error-correction passes (2) 

 

Cutadapt v.1.2.1 (Martin, 2011): 

-O 3   maximum length of overlapped bases between the read and the adapter 

before the read is trimmed (3) 

 

dedupe.sh (Bushnell, 2019): 

minidentity=95  absorb contained sequences with percent identity of at least (95) 

 

Flye v.2.6 (Kolmogorov et al., 2019): 

--nano-raw [path] use raw ONT reads [path] 

--meta   metagenome/uneven coverage mode 

--genome-size 5g  estimated genome/output size (5gb) 

--t 90   number of parallel threads (90) 
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GET_PHYLOMARKERS (Vinuesa et al., 2018): 

-R1   RUNMODE 1|2 (1: select optimal markers for phylogenetics/phylogenomics) 

-t DNA   type of input sequences (DNA) 

 

IQ-TREE v.1.6.3 (Nguyen et al., 2015)  

--bb 1000  number of bootstrap replicates (1000) 

 

Kraken v.0.10.5 (Wood and Salzberg, 2014), MiniKraken (8 Dec 2014) database using kraken-build: 

--db minikraken_20141208  given Kraken DB/library name (minikraken_20141208) 

--standard    downloads and creates default database 

--minimizer-len 13   minimizer [group of similar k-mers] length in bp (13) 

--max-db-size 4   reduces database and index to use <= SIZE gigabytes (4) 

--threads 16   number of threads (16) 

 

marginPolish v.1.0.0 (Paten and Pesout, 2019): 

allParams.np.ecoli.json  file containing marginPolish parameters (included with the software) 

 

Mash v.2 (Ondov et al., 2016): 

-s 1000   sketch size (1000) 

-k 21   K-mer size [hashes are based on strings of this many nucleotides] (21) 

dist   estimate the distance of each query sequence to the reference 

-p 10   number of parallel threads (10) 

-v 0.001  maximum p-value to report (0.001) 

-d 0.05    maximum distance to report (0.05) [this translates into >95% MASH identity] 

-d 0.5   maximum distance to report (0.5) [this translates into >50% MASH identity] 
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minimap2 v.2.14 (Li, 2018): 

-a   output in SAM format 

-x map-ont  preset Nanopore vs reference mapping 

 

nucmer v.3.1 (Delcher, 2002):  

--maxgap=500  maximum gap between two adjacent matches in a cluster (500) 

--mincluster=100 minimum length of a cluster of matches (100) 

show-snps  [ran from the command line] shows SNPs between previous alignments 

 

Prokka v.1.11 (Seemann 2014): 

--addgenes  adds 'gene' feature for each 'CDS' feature 

--noanno  predict CDS without annotating them 

 

Resistance Gene Identifier (RGI) v.5.0.0 (Alcock et al., 2019): 

--input_type protein type of input sequence (protein) 

--include_loose  results will include loose (exploratory) cutoff hits 

--low_quality  used for short contigs to predict partial genes 

 

ROARY (Page et al., 2015): 

-e   create a multiFASTA alignment of core genes using PRANK 

--mafft   align core genes using MAFFT tool 

-p 32   number of threads (32) 

-i 90   minimum percentage identity for blastp (90) 
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Sickle v.1.210 (Joshi and Fass, 2011): 

-t sanger   type of quality values (sanger) 

-l 100   threshold to keep a read based on length after trimming (100) 

 

SPAdes v.2.5.1 (Bankevich et al., 2012): 

--only-assembler runs assembly module only 

 

SPAdes v.3.13.0 (Bankevich et al., 2012): 

--sc   flag required for MDA (single-cell) data 

--only-assembler runs assembly module only 

-k 77,99,127  list of k-mer sizes 

 

tadpole.sh v.37.54 (Bushnell, 2019): 

mode=correct  error correction mode 

ecc=t    error correction via k-mer counts 

prefilter=2  use countmin sketch to ignore k-mers with depth of that value or lower (2) 

 

USEARCH v.10.0.240 (Edgar, 2010):  

-evalue 1e-5  maximum E-value for a hit (1e-5) 

-maxhits 1  maximum number of hits that will be written to the output files (1) 

-id 0.7   minimum sequence identity of a hit (0.7 = 70%) 

-strand both  search for hits on both the forward and reverse-complemented strands 

-matched  output FASTA file containing query sequences that matched the database 
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vContact2 v.0.9.15 (Bolduc et al., 2017; Bin Jang et al., 2019): 

--rel-mode Diamond    software for protein sequence alignment (Diamond) 

--db ProkaryoticViralRefSeq94-Merged   reference database used 

--pcs-mode MCL    base for protein clusters (MCL | Markov clustering) 

--vcs-mode ClusterONE    base for viral clusters (ClusterONE clustering) 

 

 

Appendix 3: Gene maps of isolated coliphages 

Arrows indicate CDS; colours denote annotation: cyan – hypothetical proteins, orange – annotated 

phage proteins, red – phage proteins detected during proteomics analysis.  
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vB_Eco_mar003J3 

 

 

vB_Eco_mar004NP2 

 

 

vB_Eco_mar005P1 
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Appendix 4: Coliphage accession numbers 

 

Subfamily Tunavirinae: 

Rtp (acc:NC_007603), vB_Eco_ACG-M12 (acc:NC_019404), phiEB49 (acc:NC_023743), e4/1c 

(acc:NC_024210), JK06 (acc:NC_007291), vB_EcoS_Rogue1 (acc:NC_019718), phiJLA23 

(acc:KC333879), C119 (acc:KT825490), bV_EcoS_AHP24 (acc:KF771236), vB_EcoS_AHS24 

(acc:NC_024784), vB_EcoS_AKS96 (acc:NC_024789), vB_EcoS_AHP42 (acc:NC_024793), PKP126 

(acc:NC_031053), F20 (acc:JN672684), KLPN1 (acc:KR262148), 1513 (acc:KP658157), Sushi 

(acc:KT001920), MezzoGao (acc:MF612072), GML-KpCol1 (acc:MG552615), KP36 (acc:NC_029099), 

Shfl1 (acc:NC_015456), ADB-2 (acc:NC_019725), pSf-2 (acc:NC_026010), T1 (acc:NC_005833), JMPW2 

(acc:KU194205), JMPW1 (acc:KU194206), Esp2949-1 (acc:NC_019509), Stevie (acc:NC_027350), TLS 

(acc:NC_009540), SP126 (acc:KC139513), YSP2 (acc:MG241338), pSf-1 (acc:KC710998), 

vB_Eco_swan01 (acc:LT841304), SECphi27 (acc:LT961732), vB_Eco_mar001J1 (acc:LR027388), 

vB_Eco_mar002J2 (acc:LR027385) 

 

Genus Tequintavirus: 

T5 (acc:AY543070), T5 strain ATCC 11303-B5 (acc:AY587007), T5 strain st0 deletion mutant 

(acc:AY692264), EPS7 (acc:CP000917), phiR201 (acc:HE956708), SPC35 (acc:HQ406778), 

bV_EcoS_AKFV33 (acc:HQ665011), AvB_EcoS_FFH1 (acc:KJ190157), Stitch (acc:KM236244), DT57C 

(acc:KM979354), DT571/2 (acc:KM979355), Shivani (acc:KP143763), APCEc03 (acc:KR422353), 

100268_sal2 (acc:KU927497), 118970_sal2 (acc:KX017521), SP01 (acc:KY114934), phiLLS 

(acc:KY677846), BSP22A (acc:KY787212), SSP1 (acc:KY963424), slur09 (acc:LN887948), SH9 partial 

(acc:MF001363), OSYSP (acc:MF402939), chee24 (acc:MF431730), pork27 (acc:MF431731), pork29 

(acc:MF431732), saus47N (acc:MF431733), saus111K (acc:MF431734), poul124 (acc:MF431735), 

chee130_1 (acc:MF431736), saus132 (acc:MF431737), poul149 (acc:MF431738), chee158 

(acc:MF431739), cott162 (acc:MF431740), saus176N (acc:MF431741), LVR16A partial 

(acc:MF681663), SP3 partial (acc:MG387042), vB_SenS_PHB06 (acc:MH102285), vB_Eco_mar003J3 

(acc:LR027389) and vB_Eco_mar004NP2 (acc:LR027384). 

 

Genus Mosigvirus: 

RB69 (acc:AY303349), Shf125875 (acc: KM407600), phiC120 (acc:KY703222), vB_EcoM_PhAPEC2 

(acc:KF562341), SHSML-52-1 (acc:KX130865), ST0 (acc:MF044457), HX01 (acc:JX536493), 

vB_EcoM_JS09 (acc:KF582788), E. coli O157 typing phage 3 (acc:KP869101), E. coli O157 typing phage 
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6 (acc:KP869104), APCEc01 (acc:KR422352), vB_Eco_mar005P1 (acc:LR027390), vB_Eco_mar006P2 

(acc:LR027387), vB_Eco_mar007P3 (acc:LR027383), vB_Eco_mar008P4 (acc:LR027386), 

vB_Eco_mar009P5 (acc:LR027391) 

 

 

 

Appendix 5: Vibriophage isolates: names, host of isolation, water sample 

Phage isolate Host Sample 
vB_Val_sm001 V. alginolyticus FR Red Sea 2 
vB_Val_sm002 V. alginolyticus FR Red Sea 2 
vB_Val_sm003 V. alginolyticus FR Red Sea 2 
vB_Val_sm004 V. alginolyticus FR Red Sea 2 
vB_Val_sm005 V. alginolyticus FR Red Sea 2 
vB_Val_sm006 V. alginolyticus FR Red Sea 2 
vB_Val_sm007 V. alginolyticus FR Red Sea 2 
vB_Val_sm008 V. alginolyticus FR Red Sea 2 
vB_Val_sm009 V. alginolyticus FR Red Sea 2 
vB_Val_sm010 V. alginolyticus FR Red Sea 2 
vB_Val_sm011 V. alginolyticus L2 Red Sea 2 
vB_Vpa_sm012 V. parahaemolyticus L4 Red Sea 2 
vB_Vpa_sm013 V. parahaemolyticus L4 Red Sea 2 
vB_Vpa_sm014 V. parahaemolyticus L4 Red Sea 2 
vB_Vpa_sm015 V. parahaemolyticus L4 Red Sea 2 
vB_Vpa_sm016 V. parahaemolyticus L4 Red Sea 2 
vB_Vpa_sm017 V. parahaemolyticus L4 Red Sea 2 
vB_Vpa_sm018 V. parahaemolyticus L4 Red Sea 2 
vB_Vpa_sm019 V. parahaemolyticus L4 Red Sea 2 
vB_Vpa_sm020 V. parahaemolyticus L4 Red Sea 2 
vB_Vpa_sm021 V. parahaemolyticus L4 Red Sea 2 
vB_Vpa_sm022 V. parahaemolyticus L4 Red Sea 2 
vB_Vpa_sm023 V. parahaemolyticus L4 Red Sea 2 
vB_Vpa_sm024 V. parahaemolyticus L4 Red Sea 2 
vB_Vpa_sm025 V. parahaemolyticus L4 Red Sea 2 
vB_Vpa_sm026 V. parahaemolyticus L4 Red Sea 2 
vB_Vpa_sm027 V. parahaemolyticus L4 Red Sea 2 
vB_Vpa_sm028 V. parahaemolyticus L4 Red Sea 2 
vB_Vpa_sm029 V. parahaemolyticus L4 Red Sea 2 
vB_Vpa_sm030 V. parahaemolyticus NCIMB Red Sea 2 
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vB_Vpa_sm031 V. parahaemolyticus NCIMB Red Sea 2 
vB_Vpa_sm032 V. parahaemolyticus NCIMB Red Sea 2 
vB_Vpa_sm033 V. parahaemolyticus L3 Mexico, Puerto Morelos 
vB_Val_sm034 V. alginolyticus FR Essex 
vB_Val_sm035 V. alginolyticus FR Essex 
vB_Val_sm036 V. alginolyticus FR Essex 
vB_Val_sm037 V. alginolyticus FR Essex 
vB_Val_sm038 V. alginolyticus FR Essex 
vB_Val_sm039 V. alginolyticus FR Mexico, Puerto Morelos 
vB_Val_sm040 V. alginolyticus FR Mexico, Puerto Morelos 
vB_Val_sm041 V. alginolyticus FR Mexico, Puerto Morelos 
vB_Val_sm042 V. alginolyticus FR Mexico, Puerto Morelos 
vB_Val_sm043 V. alginolyticus FR Mexico, Puerto Morelos 
vB_Val_sm044 V. alginolyticus FR Adriatic Sea 
vB_Val_sm045 V. alginolyticus FR Adriatic Sea 
vB_Val_sm046 V. alginolyticus FR Adriatic Sea 
vB_Val_sm047 V. alginolyticus FR Adriatic Sea 
vB_Val_sm048 V. alginolyticus FR Dover 
vB_Val_sm049 V. alginolyticus FR Dover 
vB_Val_sm050 V. alginolyticus FR Dover 
vB_Val_sm051 V. alginolyticus FR Dover 
vB_Val_sm052 V. alginolyticus FR Kuwait 
vB_Val_sm053 V. alginolyticus FR Kuwait 
vB_Val_sm054 V. alginolyticus FR Kuwait 
vB_Val_sm055 V. alginolyticus FR Kuwait 
vB_Val_sm056 V. alginolyticus FR Red Sea 1 
vB_Val_sm057 V. alginolyticus FR Red Sea 1 
vB_Val_sm058 V. alginolyticus FR Red Sea 1 
vB_Val_sm059 V. alginolyticus FR Red Sea 1 
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Appendix 6: Phage vB_VpaM_sm033 and vB_VpaS_sm030 proteomics analysis: detected proteins 

and their functional annotation 

 

vB_VpaM_sm033 
Detected 
protein Predicted function Peptides Coverage 

[%] 
Sequence 

length 
SM033_00001 surface protein 17 8 2508 
SM033_00002 surface protein 17 35 535 
SM033_00003 surface protein 28 35.4 1165 
SM033_00013 hypothetical protein 2 17.9 190 
SM033_00043 hypothetical protein 3 14 164 
SM033_00044 hypothetical protein 13 73.9 207 
SM033_00045 structural protein 16 53.9 440 
SM033_00046 hypothetical protein 17 51.9 443 
SM033_00047 hypothetical protein 20 45.9 451 
SM033_00048 hypothetical protein 12 29.9 499 
SM033_00049 hypothetical protein 36 48.1 854 
SM033_00050 hypothetical protein 1 7.3 206 
SM033_00062 hypothetical protein 3 9 288 

SM033_00088 membrane associated 
lipoprotein precursor 25 43.8 838 

SM033_00105 hypothetical protein 1 8.5 94 
SM033_00114 hypothetical protein 2 15.1 126 
SM033_00115 hypothetical protein 6 38.2 144 
SM033_00116 hypothetical protein 8 18.6 377 
SM033_00117 hypothetical protein 19 45.7 363 
SM033_00136 hypothetical protein 7 30.5 334 
SM033_00138 hypothetical protein 36 16.9 2077 
SM033_00139 hypothetical protein 33 30.6 1017 
SM033_00140 hypothetical protein 8 34.4 299 
SM033_00141 putative tail protein 5 11.2 329 
SM033_00142 hypothetical protein 12 24.3 403 
SM033_00144 hypothetical protein 5 15.4 273 
SM033_00145 hypothetical protein 1 10.5 200 
SM033_00147 hypothetical protein 5 23.2 203 

SM033_00148 putative virion structural 
protein 12 44.8 426 

SM033_00152 hypothetical protein 9 39.1 279 
SM033_00155 hypothetical protein 6 27.8 227 
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SM033_00161 hypothetical protein 14 42.1 359 
SM033_00162 hypothetical protein 11 19.8 681 

SM033_00163 putative murein lytic 
transglycosylase 43 25.2 1906 

SM033_00164 putative virion-associated 
RNA polymerase beta' 26 41.2 549 

SM033_00165 putative RNA polymerase 
beta subunit 70 47.5 1315 

SM033_00166 hypothetical protein 2 38.7 62 
SM033_00167 hypothetical protein 42 75.4 483 
SM033_00168 hypothetical protein 9 35.1 242 

SM033_00176 putative virion structural 
protein 20 53.8 288 

SM033_00177 tail sheath 35 63.5 676 
SM033_00178 virion structural protein 13 51.1 309 

SM033_00179 putative virion structural 
protein 16 23.5 846 

SM033_00180 hypothetical protein 13 29 555 

SM033_00182 putative virion structural 
protein 13 27.2 405 

SM033_00187 hypothetical protein 1 5.8 206 
SM033_00196 hypothetical protein 5 27.3 253 
SM033_00205 hypothetical protein 9 50.7 138 
SM033_00207 hypothetical protein 5 11.9 354 
SM033_00208 hypothetical protein 4 7.2 637 
SM033_00221 hypothetical protein 2 23 113 
SM033_00225 hypothetical protein 12 68.1 160 

SM033_00226 
ATP-dependent Clp 
protease proteolytic 

subunit 
5 42 169 

SM033_00230 hypothetical protein 6 13.9 274 

SM033_00231 putative RNA polymerase 
beta subunit 13 30.1 422 

SM033_00232 hypothetical protein 3 14.3 203 
SM033_00234 hypothetical protein 23 41.6 445 

SM033_00236 putative virion structural 
protein 23 42.6 418 

SM033_00237 hypothetical protein 23 37.7 664 
SM033_00238 hypothetical protein 27 29.2 949 
SM033_00239 virion structural protein 3 10.4 357 
SM033_00240 hypothetical protein 15 35.9 370 
SM033_00241 hypothetical protein 32 78 295 
SM033_00242 hypothetical protein 4 28.7 157 
SM033_00243 hypothetical protein 35 54.9 446 
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SM033_00244 hypothetical protein 12 24.2 368 
SM033_00245 hypothetical protein 20 35.7 401 
SM033_00246 hypothetical protein 20 39.6 374 
SM033_00247 hypothetical protein 16 38.5 366 
SM033_00248 hypothetical protein 9 22 533 
SM033_00249 virion structural protein 7 17.3 404 

SM033_00251 putative virion structural 
protein 7 16 449 

SM033_00253 hypothetical protein 6 44.5 146 
SM033_00254 major capsid protein 54 59.4 725 
SM033_00261 hypothetical protein 13 47.6 275 
SM033_00262 hypothetical protein 11 14.8 691 
SM033_00263 hypothetical protein 33 34 939 
SM033_00277 hypothetical protein 2 8.4 285 
SM033_00287 hypothetical protein 2 8.5 284 
SM033_00289 hypothetical protein 8 29.1 230 
SM033_00292 hypothetical protein 5 7.4 676 
SM033_00293 HTH homing endonuclease 1 3.6 222 
SM033_00298 putative tail fiber 12 52.1 315 
SM033_00299 hypothetical protein 113 54.7 2351 
SM033_00300 hypothetical protein 13 40.9 357 
SM033_00301 hypothetical protein 97 48.4 2282 
SM033_00302 hypothetical protein 19 49.2 557 
SM033_00307 hypothetical protein 20 25.8 685 
SM033_00308 hypothetical protein 9 13.4 553 

 

 

 

 

vB_VpaS_sm030 
Detected 
protein Predicted function Peptides Coverage 

[%] 
Sequence 

length 
SM030_00020 hypothetical protein 3 38.7 75 
SM030_00022 hypothetical protein 1 5.8 171 
SM030_00023 hypothetical protein 11 30.2 431 
SM030_00024 hypothetical protein 14 56.5 301 
SM030_00025 hypothetical protein 16 61.8 325 
SM030_00026 hypothetical protein 10 91.3 127 
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SM030_00027 tail length tape measure 
protein 25 18.1 1379 

SM030_00030 hypothetical protein 10 64.5 265 
SM030_00031 hypothetical protein 4 31.6 152 
SM030_00032 hypothetical protein 3 26.8 153 
SM030_00033 hypothetical protein 13 52.1 211 
SM030_00035 capsid protein 43 95.2 315 
SM030_00036 hypothetical protein 3 6.7 388 
SM030_00037 putative structural protein 4 34.1 208 
SM030_00038 hypothetical protein 5 35.5 110 
SM030_00039 hypothetical protein 9 23.9 515 
SM030_00050 hypothetical protein 15 42.3 336 
SM030_00051 hypothetical protein 17 67.9 324 
SM030_00099 hypothetical protein 12 49.4 356 
SM030_00100 capsid portal protein 27 33.8 615 
SM030_00107 hypothetical protein 2 12.8 133 

 

 

Appendix 7: Complete phage host range 

 

 Vi
GO

 

BO
NA

IS
HI

 

Si
O

2  

vB
_V

pa
M

_s
m

03
3  

vB
_V

pa
S_

sm
03

0 

vB
_V

pa
S_

sm
03

1 

VA
1  

CR
O

-S
- 1

 

RS
2  

RS
I -3

 

VP
1  

PM
1 

M
AL

 

ph
i2

 

ph
i8

 

ph
i1

10
 

ph
i1

3  

Paracoccus 
- - - - - -         - - - - - - - 

Vibrionales bacterium SWAT-3 
- -     - - - - - - - - - - - - - 

V. coralliilyticus YB-1 
-   - - - - - - - - - - - - - - - 

V. coralliilyticus L1 
- - - - - - - - - - - - - - - - - 

V. alginolyticus NCIMB 
- - - - - - - - - - - - - - - - - 

V. alginolyticus FR 
  - - - - - - - - - - - - - - - - 

V. alginolyticus L2 
- - - - - - - - - - - - - - - - - 

V. natriegens NCIMB 
- - - - - - - - - - - - - - - - - 

V. harveyi L5 
- - - - - - - - - - - - - - - - - 

V. splendidus NCIMB 
- - - - - - - - - - - - - - - - - 

V. splendidus L14 
- - - - - - - - - - - - - - - - - 

V. harveyi L4 
- - - - - - - - - - - - - - - - - 

V. vulnificus NCIMB 
- - - - - - - - - - - - - - - - - 

V. kanaloae W3 
- - - - - - - - - - - - - - - - - 

V. parahaemolyticus NCIMB 
- - - -     - - - - - - - - - - - 
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V. parahaemolyticus L1 
- - - - - - - - - - - - - - - - - 

V. parahaemolyticus L2 
-   -   - - - - - - - - - - - - - 

V. parahaemolyticus L3 
- - -   - - - - - - - - - - - - - 

V. parahaemolyticus L4 
- - - - - - - - - - - - - - - - - 

V. parahaemolyticus L5 
- - - -     - - - - - - - - - - - 

V. parahaemolyticus L6 
- -   - - - - - - - - - - - - - - 

V. parahaemolyticus L7 
- - - - - - - - - - - - - - - - - 

V. parahaemolyticus L8 
- -   - - - - - - - - - - - - - - 

V. parahaemolyticus L9 
- -   - - - - - - - - - - - - - - 

V. parahaemolyticus L10 
- - - - - - - - - - - - - - - - - 

V. parahaemolyticus L11 
- -     - - - - - - - - - - - - - 

V. parahaemolyticus L12 
- - -   - - - - - - - - - - - - - 

V. parahaemolyticus L13 
- -     - - - - - - - - - - - - - 

V. parahaemolyticus L14 
- -   - - - - - - - - - - - - - - 

V. owensii L20 
- -   - - - - - - - - - - - - - - 

V. aestuarianus L6 
- - - - - - - - - - - - - - - - - 

V. torranzoniae L19 
- - - - - - - - - - - - - - - - - 

V. lentus L18 
- - - - - - - - - - - - - - - - - 

V. chagasii L21 
- - - - - - - - - - - - - - - - - 

V. aestuarianus L9 
- - - - - - - - - - - - - - - - - 

V. splendidus L15 
- - - - - - - - - - - - - - - - - 

V. lentus L23 
- - - - - - - - - - - - - - - - - 

V. lentus L24 
- - - - - - - - - - - - - - - - - 

V. aestuarianus L7 
- - - - - - - - - - - - - - - - - 

V. aestuarianus L8 
- - - - - - - - - - - - - - - - - 

V. splendidus L16 
- - - - - - - - - - - - - - - - - 

V. splendidus L17 
- - - - - - - - - - - - - - - - - 

putative V. splendidus A1 
- - - - - - - - - - - - - - - - - 

putative V. splendidus A2 
- - - - - - - - - - - - - - - - - 

putative V. splendidus A3 
- - - - - - - - - - - - - - - - - 

putative V. splendidus A4 
- - - - - - - - - - - - - - - - - 

putative V. splendidus A5 
- - - - - - - - - - - - - - - - - 

putative V. splendidus A6 
- - - - - - - - - - - - - - - - - 

putative V. splendidus A7 
- - - - - - - - - - - - - - - - - 

putative V. splendidus A8 
- - - - - - - - - - - - - - - - - 

putative V. splendidus A9 
- - - - - - - - - - - - - - - - - 

putative V. splendidus A10 
- - - - - - - - - - - - - - - - - 

putative V. splendidus A11 
- - - - - - - - - - - - - - - - - 

putative V. splendidus A12 
- - - - - - - - - - - - - - - - - 

putative V. splendidus F1 
- - - - - - - - - - - - - - - - - 

putative V. splendidus F2 
- - - - - - - - - - - - - - - - - 

putative V. splendidus F3 
- - - - - - - - - - - - - - - - - 
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putative V. splendidus F4 
- - - - - - - - - - - - - - - - - 

putative V. splendidus F5 
- - - - - - - - - - - - - - - - - 

putative V. splendidus F6 
- - - - - - - - - - - - - - - - - 

putative V. splendidus F7 
- - - - - - - - - - - - - - - - - 

putative V. splendidus F8 
- - - - - - - - - - - - - - - - - 

putative V. splendidus F9 
- - - - - - - - - - - - - - - - - 

putative V. splendidus F10 
- - - - - - - - - - - - - - - - - 

putative V. splendidus F11 
- - - - - - - - - - - - - - - - - 

putative V. splendidus F12 
- - - - - - - - - - - - - - - - - 

putative V. splendidus W1 
- - - - - - - - - - - - - - - - - 

putative V. splendidus W2 
- - - - - - - - - - - - - - - - - 

V. toranzoniae/kanaloae W3 
- - - - - - - - - - - - - - - - - 

putative V. splendidus W4 
- - - - - - - - - - - - - - - - - 

V. toranzoniae/kanaloae W5 
- - - - - - - - - - - - - - - - - 

putative V. splendidus W6 
- - - - - - - - - - - - - - - - - 

putative V. splendidus W7 
- - - - - - - - - - - - - - - - - 

putative V. splendidus W8 
- - - - - - - - - - - - - - - - - 

putative V. splendidus W9 
- - - - - - - - - - - - - - - - - 

putative V. splendidus W10 
- - - - - - - - - - - - - - - - - 

putative V. splendidus W11 
- - - - - - - - - - - - - - - - - 

putative V. splendidus W12 
- - - - - - - - - - - - - - - - - 

putative Vibrio sp. MEX1 
- - - - - - - - - - - - - - - - - 

putative Vibrio sp. MEX2 
- - - - - - - - - - - - - - - - - 

putative Vibrio sp. MEX3 
- - - - - - - - - - - - - - - - - 

putative Vibrio sp. MEX4 
- - - - - - - - - - - - - - - - - 

putative Vibrio sp. MEX5 
- - - - - - - - - - - - - - - - - 

putative Vibrio sp. MEX6 
-     - - - - - - - - - - - - - - 

putative Vibrio sp. J1 
- - - - - - - - - - - - - - - - - 

putative Vibrio sp. J2 
- - - - - - - - - - - - - - - - - 

putative Vibrio sp. J3 
- - - - - - - - - - - - - - - - - 

putative Vibrio sp. J4 
- - - - - - - - - - - - - - - - - 

putative Vibrio sp. J5 
- - - - - - - - - - - - - - - - - 

Shewanella loihica NE1 
- - - - - - - - - - - - - - - - - 

Vibrio sp. NE2 
- - - - - - - - - - - - - - - - - 

Vibrio sp. NE3 
- - - - - - - - - - - - - - - - - 

Vibrio sp. NE4 
- - -   - - - - - - - - - - - - - 

Vibrio sp. NE5 
- - - - - - - - - - - - - - - - - 

Vibrio alginolyticus RS2 
- - - -     - - - - - - - - - - - 
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Appendix 8: Pipeline for download of Vibrio genomes from GenBank and Enterobase. 

 

#!/usr/bin/perl 
 
use strict; 
use warnings; 
use File::Basename; 
use JSON; 
 
my $genomes_folder = "Vibrio_seq"; 
my $assembly_summary_file = "assembly_summary.txt"; 
my $assembly_summary_vibrios_file = "assembly_summary_vibrios.txt"; 
my $enterofilename = "enterobase_0001_to_5000.txt "; 
my $enterofile_write = "enterobase_sample_ids.txt"; 
my $counter = 0; 
my $token = "";  ### ENTER VALID ENTEROBASE TOKEN HERE 
 
&assembly_summary;   # Download list of GenBank genomes 
&assembly_summary_vibrios; # Parse the list to select Vibrios 
&download_from_genbank;  # Download genomes from GenBank 
#&enterobase_list_download; # Parse the list of Enterobase Vibrios 
#&download_from_enterobase; # Download from Enterobase (no dupes) 
 
### WARNING: Enterobase download requires manual curation !!! 
 
sub assembly_summary  
{ 
#DOWNLOAD assembly_summary.txt (ONLY IF DOES NOT EXIST) 
if (! -e $assembly_summary_file){ 
print "NO ".$assembly_summary_file." FILE. DOWNLOADING\n"; 
`wget -N 
ftp://ftp.ncbi.nlm.nih.gov/genomes/genbank/bacteria/assembly_summary.txt`; 
} 
else 
{ 
print "FILE assembly_summary.txt EXISTS. EXITING\n"; 
#exit; 
} 
} 
 
sub assembly_summary_vibrios 
{ 
#FIND VIBRIOS, GET: ACCESSION, SAMPLEID (UNIQUE BETWEEN GENBANK AND 
ENTEROBASE), FILE PATH 
open (my $assembly_summary_fh, "<", $assembly_summary_file) or die; 
open (my $assembly_summary_vibrios_fh, ">", 
$assembly_summary_vibrios_file) or die; 
 
while (my $line = <$assembly_summary_fh>) { 
 if ($line =~ m/GCA*/){   #FIXES THE PROBLEM OF EMPTY 
LINES/WRONG FORMAT LINES. ALL LINES NEED TO CONTAIN GCA_ ACCESSION 
  my @assembly_summary_data = split(/\t/,$line); 
 
  if ($assembly_summary_data[7] =~ m/Vibrio /) {  #CHANGE FOR 
DIFFERENT ORGANISM IF NEEDED! WHITESPACE ALSO COUNTS 
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   print $assembly_summary_vibrios_fh 
$assembly_summary_data[0]."\t".$assembly_summary_data[2]."\t".$assembly_su
mmary_data[7]."\t".$assembly_summary_data[19]."\n"; 
  } 
 } 
} 
 
close $assembly_summary_fh; 
close $assembly_summary_vibrios_fh; 
} 
 
sub download_from_genbank 
{ 
#GENBANK: VIBRIO GENOME DOWNLOAD SCRIPT. CHECK FOR EXISTING FILES/FOLDERS. 
IF NONE, DOWNLOAD 
open (my $assembly_summary_vibrios_fh2, "<", 
$assembly_summary_vibrios_file) or die; 
 
while (my $line = <$assembly_summary_vibrios_fh2>) { 
 chomp $line; 
 my @assembly_summary_data = split(/\t/,$line); 
 
 my $folder = "$genomes_folder/$assembly_summary_data[1]"; #e.g. 
Vibrio_seq/SAM001 
        if (!-e $folder) { 
  print $folder."\n"; 
  `mkdir $folder`; 
        } 
 
 my $genome = "$assembly_summary_data[1].fna";   #e.g. 
SAM001.fna 
 my $genome_location = "$folder/$genome";   #e.g. 
Vibrio_seq/SAM001/SAM001.fna  
 my $base = `basename $assembly_summary_data[3]`;  #e.g. 
GCA_01_ASMv1 (GenBank folder) 
 chomp $base; 
 my $base_genomic = $base."_genomic.fna";   #e.g. 
GCA_01_ASMv1_genomic.fna (GenBank fna file) 
 my $ftp_file_location = 
$assembly_summary_data[3]."/".$base_genomic.".gz"; #e.g. 
ftp://ftp.ncbi.nlm.nih.gov/xxx/GCA_01_ASMv1/GCA_01_ASMv1_genomic.fna.gz 
(GenBank fna gzipped) 
 my $downloaded_file_location = $folder."/".$base_genomic.".gz";
 #e.g. Vibrio_seq/SAM001/GCA_01_ASMv1_genomic.fna.gz 
 
 if (!-e $genome_location){ 
  print $folder."\n"; 
  print $genome."\n"; 
  print $genome_location."\n"; 
  print $ftp_file_location."\n"; 
  print $downloaded_file_location."\n"; 
 `wget -P $folder $ftp_file_location`;  #e.g. download into 
Vibrio_seq/SAM001/ from 
ftp://ftp.ncbi.nlm.nih.gov/xxx/GCA_01_ASMv1/GCA_01_ASMv1_genomic.fna.gz 
 `gunzip $downloaded_file_location`;   #e.g. gunzip downloaded 
Vibrio_seq/SAM001/GCA_01_ASMv1_genomic.fna.gz (result: 
Vibrio_seq/SAM001/GCA_01_ASMv1_genomic.fna) 
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 `mv $folder/$base_genomic $folder/$genome`; #e.g. move (change 
name) from Vibrio_seq/SAM001/GCA_01_ASMv1_genomic.fna to 
Vibrio_seq/SAM001/SAM001.fna 
 } 
} 
} 
 
 
# ENTEROBASE: VIBRIO GENOME DOWNLOAD SCRIPT. CHECK FOR EXISTING 
FILES/FOLDERS. IF NONE, DOWNLOAD 
# GenBank first, then Enterobase: ensures no duplicate genomes 
 
 
sub enterobase_list_download{ 
## Enterobase limit set at 5000 genomes - scroll to the end of the line 
and change offset if there are more genomes. Offset 5000 = starts from 
sample 5001. 
`curl -X GET --header "Accept: application/json" --user "$token:" 
"http://enterobase.warwick.ac.uk/api/v2.0/vibrio/straindata?orderby=barcod
e&only_fields=sample_accession,assembly_barcode,assembly_status,download_f
asta_link,top_species&limit=5000&offset=0" > enterobase_0001_to_5000.txt`; 
`curl -X GET --header "Accept: application/json" --user "$token:" 
"http://enterobase.warwick.ac.uk/api/v2.0/vibrio/straindata?orderby=barcod
e&only_fields=sample_accession,assembly_barcode,assembly_status,download_f
asta_link,top_species&limit=5000&offset=5000" > 
enterobase_5001_to_10000.txt`; 
## Add more lines for each 5000 genomes 
} 
 
sub download_from_enterobase 
{ 
 
my $json_file; 
{ 
local $/; 
### enterofilename needs to be changed for every 5000 genomes 
open (my $json_fh, "<", $enterofilename) or die; 
$json_file = <$json_fh>; 
} 
my $json = JSON->new; 
my $data = $json->decode($json_file); 
 
foreach my $strain_key (keys %{$data->{'straindata'}}){ 
        my $element = $data->{'straindata'}->{$strain_key}; 
 
        if (! not defined $element->{sample_accession}){   
  # process only files that HAVE sample_accession 
  print "\nPROCESSING: \n"; 
  print $element->{sample_accession}."\t".$element-
>{assembly_status}."\t".$element->{download_fasta_link}."\n"; 
   
  my $folder_eb = "$genomes_folder/$element->{sample_accession}";
   #e.g. Vibrio_seq/SAM001 
  my $genome_location_eb = "$folder_eb/$element-
>{sample_accession}.fna";  #e.g. Vibrio_seq/SAM001/SAM001.fna 
 
  if ($element->{assembly_status} =~ "Assembled" && !-e 
$genome_location_eb){ ## process only files that are Assembled and only 
when file DOES NOT exist 
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                print "FILE DOESN'T EXIST: ".$genome_location_eb."\n"; 
   
                 if (!-d "$folder_eb"){        ## 
do NOT create directory if it already exists 
                 print "NO DIRECTORY: $folder_eb. CREATING.\n"; 
                       `mkdir "$folder_eb"`; 
                 } 
   
  `curl -Ls -f --user "$token:" "$element->{download_fasta_link}" -
o $genome_location_eb`; 
 
  print $folder_eb."\n"; 
  print $genome_location_eb."\n"; 
   
  } 
 } 
}  
#my $fasta_filepath = "Vibrio_seq/$element->{sample_accession}/$element-
>{sample_accession}.fna"; 
#        print "FILE BEING PROCESSED: ".$fasta_filepath."\n"; 
         
} 
 
 

 

 

Appendix 9: Vibrio and Vibrio prophage database structure 

 

Vibrios_seq/      # main directory 
├── SAMEA889243/     # Vibrio BioSample directory 
│   ├── details.txt     # detected prophage proteins 
│   ├── phage_regions.fna    # prophage sequence nucleotide multifasta 
│   ├── SAMEA889243.fna    # Vibrio genome nucleotide fasta 
│   ├── summary.txt     # prophage metadata 
│   ├── SAMEA889243/     # Vibrio host directory 
│   │   ├── SAMEA889243.ffn   # Host’s nucleotide FASTA of gene regions 
│   │   ├── SAMEA889243.faa   # Host’s amino-acid FASTA of gene regions 
│   │   └── SAMEA889243.rgi   # Host’s AMR profile 
│   ├── SAMEA889243_1_incomplete/  # First prophage directory 
│   │   ├── SAMEA889243_1_incomplete.ffn # Prophage’s nucleotide FASTA of genes 
│   │   ├── SAMEA889243_1_incomplete.faa # Prophage’s amino-acid FASTA of genes 
│   │   └── SAMEA889243_1_incomplete.rgi # Prophage’s AMR profile 
│   └── SAMEA889243_2_intact/   # Second prophage directory 
│       ├──      (similarly to first prophage directory) 
│  
├── SAMEA889243/ 
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Appendix 10: Pipeline for bulk upload of genomes to PHASTER via API. 

 

#!/bin/bash 
 
COUNTER=0; 
 
 
## all files need to be in Vibrio_seq dir in SAM* subdirectories !!! 
for dir in Vibrio_seq/SAM*;  #check directories in Vibrio_seq folder 
do  
 echo "WORKING DIRECTORY: "$dir;  
  
 if [ ! -e $dir/output.txt ] && [ -e $dir/*.fna ]; #check if 
output.txt does NOT exist in the directory and if FNA file exists 
 then #if no output.txt then SEND fna file to PHASTER via wget 
  echo "NO OUTPUT.TXT, SENDING FNA FILE TO PHASTER. FILE TO 
SEND:"$dir/$(basename $dir/*.fna); 
  while [ $(curl -Is http://phaster.ca | head -1 | awk '{ print $2 
}') != 200 ];  
                        do echo "WEBSITE IS DOWN, WAITING 30 SECONDS 
BEFORE RETRYING"; sleep 30;  
                done; 
  wget --post-file=$dir/$(basename $dir/*.fna) 
"http://phaster.ca/phaster_api?contigs=1" -O $dir/output.txt; 
 fi;  
  
 #if output.txt exists, check if it contains proper jobID 
 if [ -e $dir/*.fna ] && [ "$(awk -F'"' '{ print $4 }' 
$dir/output.txt)" = "error" ]; #check if the jobID is incorrect 
 then #if jobID is incorrect re-send FNA file 
  echo "JOB_ID INCORRECT, RE-SENDING FNA FILE TO PHASTER"; 
  while [ $(curl -Is http://phaster.ca | head -1 | awk '{ print $2 
}') != 200 ];  
                        do echo "WEBSITE IS DOWN, WAITING 30 SECONDS 
BEFORE RETRYING"; sleep 30;  
                done; 
  wget --post-file=$dir/$(basename $dir/*.fna) 
"http://phaster.ca/phaster_api?contigs=1" -O $dir/output.txt; 
 fi; 
 
 while [ -e $dir/*.fna ] && [ "$(awk -F'"' '{ print $8 }' 
$dir/output.txt)" != "Complete" ];  #check if job is NOT completed (in 
case the job was stopped in mid) 
 do 
  ident=$(awk -F'"' '{ print $4 }' $dir/output.txt); #if job is NOT 
completed, get job ID and ask for new output file 
  while [ $(curl -Is http://phaster.ca | head -1 | awk '{ print $2 
}') != 200 ];  
   do echo "WEBSITE IS DOWN, WAITING 30 SECONDS BEFORE 
RETRYING"; sleep 30;  
  done; 
  wget "http://phaster.ca/phaster_api?acc=$ident" -O 
$dir/output.txt; #download new output.txt replacing old, wait 30 sec, 
check again  
  echo "JOB IDENT IS:"$ident; 
  echo "JOB STATUS IS:"$(awk -F'"' '{ print $8 }' $dir/output.txt) 
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  if [ -e $dir/*.fna ] && [ "$(awk -F'"' '{ print $4 }' 
$dir/output.txt)" = "error" ]; #check if the jobID is incorrect 
         then #if jobID is incorrect re-send FNA file 
                 echo "JOB_ID INCORRECT, RE-SENDING FNA FILE TO PHASTER"; 
                 while [ $(curl -Is http://phaster.ca | head -1 | awk '{ 
print $2 }') != 200 ];  
                         do echo "WEBSITE IS DOWN, WAITING 30 SECONDS 
BEFORE RETRYING"; sleep 30;  
                 done; 
                 wget --post-file=$dir/$(basename $dir/*.fna) 
"http://phaster.ca/phaster_api?contigs=1" -O $dir/output.txt; 
         fi; 
 
  if [ -e $dir/*.fna ] && [ "$(awk -F'"' '{ print $6 }' 
$dir/output.txt)" = "error" ]; #check if the job did not time out 
                then #if job timed out re-send FNA file 
                        echo "JOB TIMED OUT, RE-SENDING FNA FILE TO 
PHASTER"; 
                        while [ $(curl -Is http://phaster.ca | head -1 | 
awk '{ print $2 }') != 200 ];  
                                do echo "WEBSITE IS DOWN, WAITING 30 
SECONDS BEFORE RETRYING"; sleep 30;  
                        done; 
                        wget --post-file=$dir/$(basename $dir/*.fna) 
"http://phaster.ca/phaster_api?contigs=1" -O $dir/output.txt; 
                fi; 
 
 
  if [ "$(awk -F'"' '{ print $8 }' $dir/output.txt)" != "Complete" 
]; #to make it a little faster after "complete" output.txt is DLed 
  then sleep 30; 
  fi; 
 done;  
 
 if [ -e $dir/output.txt ]; 
 then 
  echo "PHASTER ZIP FILE: "$dir/$(basename "$(awk -F'"' '{ print 
$16 }' $dir/output.txt)"); 
 fi; 
 
 if [ -e $dir/*.fna ] && [ -e $dir/output.txt ] && [ "$(awk -F'"' '{ 
print $8 }' $dir/output.txt)" = "Complete" ] && [ ! -e $dir/$(basename 
"$(awk -F'"' '{ print $16 }' $dir/output.txt)") ]; 
 then  
  echo "OUTPUT.TXT: EXISTS, JOB STATUS: COMPLETE, NO ZIP FILE. 
DOWNLOADING PHASTER ZIP FILE"; 
  wget "$(awk -F'"' '{ print $16 }' $dir/output.txt)" -O 
$dir/$(basename "$(awk -F'"' '{ print $16 }' $dir/output.txt)"); 
 fi; 
 
let COUNTER=COUNTER+1; 
echo "IT WAS THE FILE NUMBER:"$COUNTER; 
echo $'\n' 
done 
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Appendix 11: Script for running RGI analysis of all prophage and Vibrio genomes 

 

#!/usr/bin/perl 
 
use strict; 
use warnings; 
use File::Basename; 
 
## !!! remove --include_loose in rgi line for Vibrio genomes !!! 
 
my $genomes_dir = "Vibrio_seq"; 
my @ls_results = `ls $genomes_dir`;  
 
my $counter = 0; 
 
foreach my $ls_result (@ls_results) { 
 chomp $ls_result; 
 #print "$ls_result\n"; 
 
 my $dir = "$genomes_dir/$ls_result"; 
 if ((-d $dir) && ($ls_result =~ m/SAM/)){ 
  print "\nWorking directory: $dir\n"; 
  $counter++; 
 
  my @ls2_results = `ls $dir`; 
 
  foreach my $ls2_result (@ls2_results) { 
          chomp $ls2_result; 
    
   my $prophagedir = "$dir/$ls2_result"; 
   if (-d $prophagedir){ 
    print "Prophage: $prophagedir\n";   
     
    my $prophage_faa = "$prophagedir/$ls2_result.faa"; 
#    print "PROPHAGE FAA: $prophage_faa\n"; #test *.faa 
path 
    my $prophage_rgi = "$prophagedir/$ls2_result.rgi"; 
#    print "PROPHAGE RGI: $prophage_rgi\n"; #test *.rgi 
path 
     
    if (!-f "$prophage_rgi.txt"){  #ONLY IF RGI OUTPUT 
DOES NOT EXIST ->  RUN!!! 
     print "Running RGI analysis.\n"; 
     `rgi main --input_sequence $prophage_faa --
output_file $prophage_rgi --input_type protein --local --include_loose --
clean`; ## !!! remove --include_loose for Vibrios 
    } 
    else { 
     print "File already analysed. Skipping.\n"; 
    } 
   } 
  } 
 print "This was directory number: $counter\n"; 
 } 
} 
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Appendix 12: RGI output parser 

 

#!/usr/bin/perl 
 
use strict; 
use warnings; 
use File::Basename; 
 
my $genomes_dir = "Vibrio_seq"; 
my @ls_results = `ls $genomes_dir/*/*_*/S*.rgi.txt`;  
 
foreach my $ls_result (@ls_results) { 
        chomp $ls_result; 
        open (my $prophage_rgi_txt_fh, "<", $ls_result) or die; 
        while (my $line = <$prophage_rgi_txt_fh>) { 
                if (($line =~ m/Strict/) or ($line =~ m/Perfect/)){ 
                chomp $line; 
                my @hit_data = split(/\t/,$line); 
                my $hit_bitscore_ratio = $hit_data[7]/$hit_data[6]; 
                print 
"$hit_data[5]\t$hit_data[8]\t$hit_data[6]\t$hit_data[7]\t$hit_bitscore_rat
io\t$ls_result\t$hit_data[0]\n"; 
                } 
                if ($line =~ m/Loose/){ 
                chomp $line; 
                my @loose_hit_data = split(/\t/,$line);  
                my $bitscore_ratio = 
$loose_hit_data[7]/$loose_hit_data[6]; 
                        if ($bitscore_ratio>=0.7){ 
                        print 
"$loose_hit_data[5]\t$loose_hit_data[8]\t$loose_hit_data[6]\t$loose_hit_da
ta[7]\t$bitscore_ratio\t$ls_result\t$loose_hit_data[0]\n"; 
                        } 
                } 
        } 
} 
 

 

Appendix 13: Viral clusters and closest known phages 

 

Viral 
cluster 

Intact 
prophages 
in cluster 

Cluster representative 
MASH 

identity 
 to known 

Known 
phage 

accession 
Known phage name 

Known 
phage 

length [bp] 
VC_110_0 2 SAMEA4384477_2_intact 80.09% GQ478088 Enterococcus phage phiFL4A 37856 

VC_135_0 2 SAMEA1405481_3_intact 66.04% MG197996 Escherichia phage APC_JM3.2 39761 

VC_140_0 2 SAMN03486857_6_intact 90.32% KX231829 Enterobacter phage Tyrion 41760 

VC_141_0 2 SAMEA103899946_2_intact 59.44% DQ029335 Vibriophage VP4  

VC_168_0 4 SAMN03273306_1_intact 73.70% KX581090 Vibrio phage Her 53226 

VC_180_0 5 SAMEA104147854_1_intact 99.98% KM224878 Vibrio phage ICP2_2011_A 50250 
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VC_213_0 3 SAMEA2445320_4_intact 82.56% HM208537 Escherichia phage HK639 49576 

VC_219_0 2 SAMD00059637_1_intact 99.74% MH310936 Vibrio phage ICP1_2012_A 121418 

VC_228_0 18 SAMEA103900365_2_intact 99.97% CP004084 Escherichia virus phiX174 5386 

VC_231_0 42 SAMD00000561_2_intact 59.44% KY420199 Proteus phage vB_PvuS_Pm34 39558 

VC_232_0 36 SAMD00057590_2_intact 62.74% AB374228 Vibrio virus Kappa 33507 

VC_234_0 6 SAMEA1018779_1_intact 0.00% N/A   

VC_239_0 23 SAMEA103920805_1_intact 96.62% KC357596 Vibrio phage VFJ 8555 

VC_242_0 6 SAMN04296643_2_intact 59.44% CP000917 Escherichia virus EPS7 111382 

VC_244_0 47 SAMEA103900022_5_intact 75.93% JQ177061 Vibrio phage CP-T1 44492 

VC_254_0 36 SAMD00066877_1_intact 69.34% HQ316581 Vibrio phage martha 33277 

VC_255_0 7 SAMEA3443777_3_intact 62.74% MG592412 Vibrio phage 
1.028.O._10N.286.45.B6 31617 

VC_256_0 23 SAMEA78796918_1_intact 75.46% MG592412 Vibrio phage 
1.028.O._10N.286.45.B6 31617 

VC_260_0 8 SAMEA26613418_1_intact 71.27% AY133112 Vibrio phage VHML 43198 

VC_263_0 24 SAMEA1405643_4_intact 62.74% KJ545483 Vibrio phage phi 41476 

VC_263_1 3 SAMN03358816_1_intact 59.44% KM378617 Vibrio phage VpKK5 56637 

VC_267_0 4 SAMN02741384_1_intact 59.44% KR131711 Fusobacterium phage Funu2 38801 

VC_293_0 43 SAMEA4028999_1_intact 79.90% MG592573 Vibrio phage 
1.202.O._10N.222.45.E8 32014 

VC_295_0 3 SAMD00019138_1_intact 59.44% KT887559 Pseudomonas phage phi3 32637 

VC_317_0 2 SAMN02603666_3_intact 59.44% EU734171 Enterobacteria phage BA14 39816 

VC_338_0 16 SAMD00006025_3_intact 99.56% KY658680 Vibrio phage pVa-8 53227 

VC_343_0 3 SAMD00017307_1_intact 59.44% AF222060 Halorubrum phage HF2 77670 

VC_346_0 77 SAMEA1018307_3_intact 73.93% HQ316581 Vibrio phage martha 33277 

VC_348_0 1 SAMD00017312_1_intact 73.93% AB012573 Vibrio virus Vf33 7965 

VC_349_0 16 SAMD00000383_1_intact 86.49% AB043679 Vibrio phage VfO4K68 6891 

VC_350_0 18 SAMD00009558_4_intact 78.58% AB043679 Vibrio phage VfO4K68 6891 

VC_351_0 13 SAMEA3146286_1_intact 82.74% AB043679 Vibrio phage VfO4K68 6891 

VC_352_0 6 SAMD00036659_1_intact 80.72% AB043679 Vibrio phage VfO4K68 6891 

VC_353_0 5 SAMD00036655_3_intact 72.64% CP017905 Vibrio phage K05K4_VK05K4_1 21012 

VC_354_0 30 SAMD00041824_1_intact 95.31% CP017906 Vibrio phage K05K4_VK05K4_2 13327 

VC_355_0 48 SAMD00009559_2_intact 96.50% AB043679 Vibrio phage VfO4K68 6891 

VC_356_0 51 SAMD00036655_1_intact 0.00% N/A   

VC_357_0 44 SAMN01923803_1_intact 88.90% AB012574 Vibrio phage Vf12 7965 

VC_358_0 127 SAMD00006305_1_intact 95.31% CP017906 Vibrio phage K05K4_VK05K4_2 13327 

VC_36_0 2 SAMD00009558_1_intact 82.06% CP017905 Vibrio phage K05K4_VK05K4_1 21012 

VC_36_1 2 SAMD00000384_1_intact 78.14% CP017906 Vibrio phage K05K4_VK05K4_2 13327 

VC_360_0 54 SAMEA81166168_1_intact 64.67% AY055382 Salmonella phage ST64B 40149 

VC_361_0 21 SAMN06251410_2_intact 78.58% KX581098 Vibrio phage VaK 53216 

VC_363_0 32 SAMN05791359_1_intact 82.49% CP017906 Vibrio phage K05K4_VK05K4_2 13327 

VC_370_0 32 SAMD00000394_2_intact 59.44% JX403940 Acinetobacter phage Bphi-
B1251 45364 

VC_371_0 9 SAMEA1018262_3_intact 73.45% MK575466 Vibrio phage Rostov 45903 
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VC_372_0 3 SAMD00036659_2_intact 73.93% MG592573 Vibrio phage 
1.202.O._10N.222.45.E8 32014 

VC_389_0 147 SAMD00000562_1_intact 99.94% AB043678 Vibrio phage VfO3K6 8784 

VC_390_0 9 SAMN03996322_2_intact 72.64% AB012573 Vibrio virus Vf33 7965 

VC_391_0 5 SAMN05418057_1_intact 62.74% AB012573 Vibrio virus Vf33 7965 

VC_393_0 3 SAMD00010696_1_intact 59.44% JN848801 Vibrio phage VCY-phi 7103 

VC_396_0 19 SAMN02338868_1_intact 90.01% AB043679 Vibrio phage VfO4K68 6891 

VC_397_0 1 SAMN03358944_1_intact 94.73% JX556417 Vibrio phage vB_VpaM_MAR 41351 

VC_398_0 2 SAMN02199335_2_intact 62.74% MG592544 Vibrio phage 
1.177.O._10N.286.45.E10 45439 

VC_402_0 8 SAMN04358131_2_intact 70.86% AB043678 Vibrio phage VfO3K6 8784 

VC_405_0 23 SAMD00009560_2_intact 78.14% AB012573 Vibrio virus Vf33 7965 

VC_407_0 20 SAMEA4504064_1_intact 68.70% AB572858 Vibrio phage ND1-fs1 6856 

VC_409_0 5 SAMN08329936_5_intact 67.10% AY714348 Vibrio phage KSF1 7107 

VC_410_0 2 SAMN09270741_2_intact 66.04% CP017905 Vibrio phage K05K4_VK05K4_1 21012 

VC_420_0 2 SAMN05437223_1_intact 67.10% KY883654 Vibrio phage JSF10 111671 

VC_423_0 75 SAMEA101008168_2_intact 95.28% AY714348 Vibrio phage KSF1 7107 

VC_424_0 90 SAMEA1018256_1_intact 90.30% AB572858 Vibrio phage ND1-fs1 6856 

VC_425_0 25 SAMEA1405570_4_intact 93.46% AY714348 Vibrio phage KSF1 7107 

VC_426_0 61 SAMEA103900373_1_intact 94.94% FJ904927 Vibrio phage VEJphi 6842 

VC_433_0 173 SAMD00009558_3_intact 79.50% AB043678 Vibrio phage VfO3K6 8784 

VC_437_0 8 SAMN03452300_1_intact 69.34% MH645904 Vibrio phage vB_VpS_PG07 112106 

VC_437_1 1 SAMN03457164_3_intact 59.44% KY653124 Staphylococcus phage 
IME1367_01 43135 

VC_445_0 3 SAMN02393819_1_intact 69.90% CP017905 Vibrio phage K05K4_VK05K4_1 21012 

VC_457_0 11 SAMN02471137_1_intact 0.00% N/A   

VC_461_0 6 SAMD00019132_1_intact 67.10% JN848801 Vibrio phage VCY-phi 7103 

VC_462_0 4 SAMN02338874_2_intact 78.50% AB043679 Vibrio phage VfO4K68 6891 

VC_463_0 5 SAMN04422049_3_intact 81.60% CP017906 Vibrio phage K05K4_VK05K4_2 13327 

VC_466_0 2 SAMN02368320_2_intact 80.72% AB012573 Vibrio virus Vf33 7965 

VC_467_0 34 SAMN01816333_2_intact 83.93% AB012573 Vibrio virus Vf33 7965 

VC_470_0 10 SAMN08166448_2_intact 75.62% AB043679 Vibrio phage VfO4K68 6891 

VC_471_0 8 SAMEA104124983_2_intact 92.75% KF664566 Vibrio virus CTXphi 13322 

VC_480_0 2 SAMN03952450_1_intact 62.74% AB002632 Vibrio phage fs2 8651 

VC_482_0 10 SAMEA1405719_1_intact 66.04% AB374228 Vibrio virus Kappa 33507 

VC_483_0 11 SAMN02368425_1_intact 76.36% CP017906 Vibrio phage K05K4_VK05K4_2 13327 

VC_484_0 77 SAMD00018681_1_intact 59.44% KX190832 Bacillus phage 
vB_BtS_BMBtp13 26471 

VC_485_0 20 SAMN02368402_2_intact 0.00% N/A   

VC_486_0 12 SAMEA2594000_1_intact 71.27% AB572858 Vibrio phage ND1-fs1 6856 

VC_488_0 17 SAMN01816336_1_intact 67.10% AB012573 Vibrio virus Vf33 7965 

VC_492_0 18 SAMD00080446_1_intact 59.44% KF381361 Sinorhizobium phage phiM12 194701 

VC_493_0 43 SAMD00019137_1_intact 0.00% N/A   

VC_500_0 22 SAMD00036655_2_intact 64.67% MK448723   
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VC_515_0 623 SAMD00059631_3_intact 99.79% KU504502 Vibrio phage 919TP 33133 

VC_516_0 7 SAMN02603955_1_intact 77.33% HG803181 Vibrio phage PV94 33828 

VC_517_0 36 SAMEA1018219_2_intact 97.33% KU504502 Vibrio phage 919TP 33133 

VC_520_0 42 SAMEA103900798_2_intact 98.22% KU504502 Vibrio phage 919TP 33133 

VC_521_0 3 SAMEA889340_2_intact 94.09% KX058879 Vibrio phage VcP032 33108 

VC_527_0 8 SAMEA104200660_3_intact 62.74% MF774689 Salmonella phage SP1a 14427 

VC_532_0 260 SAMD00061025_1_intact 98.18% KF664566 Vibrio virus CTXphi 13322 

VC_533_0 11 SAMEA104090624_1_intact 98.15% MF155889 Vibrio virus CTXphi 6698 

VC_534_0 30 SAMEA1018174_3_intact 99.89% MF155889 Vibrio virus CTXphi 6698 

VC_535_0 2 SAMD00059664_1_intact 99.61% GQ485650 Vibrio virus CTXphi 10628 

VC_536_0 7 SAMEA104124977_1_intact 98.25% MF155889 Vibrio virus CTXphi 6698 

VC_552_0 45 SAMEA1018174_2_intact 79.57% JQ177064 Vibrio phage vB_VchM-138 44485 

VC_553_0 1 SAMN03996319_4_intact 81.08% JQ177064 Vibrio phage vB_VchM-138 44485 

VC_554_0 3 SAMEA1405686_2_intact 71.27% HQ316581 Vibrio phage martha 33277 

VC_555_0 2 SAMN03014087_2_intact 99.15% MF155889 Vibrio virus CTXphi 6698 

VC_566_0 25 SAMEA1018262_2_intact 96.13% JN848801 Vibrio phage VCY-phi 7103 

VC_569_0 17 SAMN03177729_2_intact 69.34% KX581098 Vibrio phage VaK 53216 

VC_571_0 1 SAMN03175439_2_intact 72.00% KX581098 Vibrio phage VaK 53216 

VC_572_0 4 SAMEA4057585_1_intact 72.00% KJ545483 Vibrio phage phi 41476 

VC_591_0 4 SAMEA2781617_1_intact 98.55% KJ619459 Vibrio virus CTXphi 6446 

VC_594_0 23 SAMEA2591286_3_intact 72.33% CP017905 Vibrio phage K05K4_VK05K4_1 21012 

VC_596_0 2 SAMN09375013_1_intact 75.93% AB043678 Vibrio phage VfO3K6 8784 

VC_598_0 1 SAMEA104090649_2_intact 95.66% KF664568 Vibrio virus CTXphi 10621 

VC_601_0 1 SAMN03981068_1_intact 74.15% AB012573 Vibrio virus Vf33 7965 

VC_605_0 7 SAMEA104125110_3_intact 97.16% KR063268 Vibrio phage pre-CTX 5087 

VC_607_0 19 SAMEA3121334_1_intact 73.93% AB572858 Vibrio phage ND1-fs1 6856 

VC_610_0 3 SAMN03358944_2_intact 71.27% AB572858 Vibrio phage ND1-fs1 6856 

VC_616_0 3 SAMN07569844_4_intact 62.74% JQ086375 Escherichia phage HK578 43741 

VC_63_0 3 SAMN02393817_1_intact 68.70% AB374228 Vibrio virus Kappa 33507 

VC_635_0 29 SAMN02470295_2_intact 70.40% CP017905 Vibrio phage K05K4_VK05K4_1 21012 

VC_638_0 5 SAMN02368422_2_intact 69.90% JN848801 Vibrio phage VCY-phi 7103 

VC_647_0 1 SAMN03323923_2_intact 64.67% AB572858 Vibrio phage ND1-fs1 6856 

VC_654_0 1 SAMN02393823_4_intact 66.04% KX581100 Vibrio phage pVa-7 54268 

VC_676_0 2 SAMN02469854_2_intact 59.44% AB720063 Xanthomonas virus CP1 43870 

VC_677_0 1 SAMN02470456_1_intact 0.00% N/A   

VC_679_0 1 SAMN02603130_3_intact 0.00% N/A   

VC_697_0 1 SAMN03349602_2_intact 64.67% AP019527 Lactococcus phage phiQ1 59833 

VC_81_0 4 SAMN02781335_2_intact 99.95% FN297812 Vibrio phage VP585 42612 

VC_82_0 2 SAMN03486857_5_intact 82.84% JX509734 Enterobacteria phage SfI 38389 
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Appendix 14: ARG-encoding prophages and their cluster assignment  

 

Viral Cluster Elements Prophage encoding for ARG RGI cutoff ARG  ARG locus 

VC_141_0 3 
SAMEA103899946_2_intact Loose->Strict ICR-Mc SAMEA1038999462_00052 

SAMEA103908356_1_intact Loose->Strict ICR-Mc SAMEA1039083561_00052 

VC_168_0 4 
SAMN03273306_1_intact Loose->Strict Erm(34) SAMN032733061_00064 

SAMN07739081_1_intact Loose->Strict Erm(34) SAMN077390811_00067 

VC_219_0 2 
SAMD00059637_1_intact Loose->Strict OpmD SAMD000596371_00216 

SAMEA104548105_1_intact Loose->Strict OpmD SAMEA1045481051_00166 

VC_231_0 42 
SAMN02708867_1_intact Loose->Strict APH(3')-Ia SAMN027088671_00024 

SAMN09386619_1_intact Strict varG SAMN093866191_00063 

VC_263_0 61 

SAMN05890675_2_incomplete Strict vgaC SAMN058906752_00028 

SAMN06162268_1_intact Strict vgaC SAMN061622681_00014 

SAMN06163187_2_incomplete Strict vgaC SAMN061631872_00029 

VC_263_1 3 SAMN03358816_1_intact Strict vgaC SAMN033588161_00116 

VC_338_0 16 
SAMN03177549_2_intact Strict QnrVC6 SAMN031775492_00001 

SAMN03178218_2_intact Strict QnrVC6 SAMN031782182_00001 

VC_360_0 54 SAMD00019129_1_intact Loose->Strict OXA-198 SAMD000191291_00010 

VC_376_0 3 SAMD00017310_5_incomplete Strict parE SAMD000173105_00001 

VC_393_0 24 SAMD00010696_1_intact Loose->Strict ICR-Mo SAMD000106961_00004 

VC_397_0 18 

SAMN02708867_2_incomplete Loose->Strict APH(3')-Ia SAMN027088672_00011 

SAMN03358944_1_intact Strict varG SAMN033589441_00075 

SAMN06158907_2_incomplete Loose->Strict APH(3')-Ia SAMN061589072_00029 

VC_420_0 221 

SAMN03176858_3_questionable Loose->Strict vgaC SAMN031768583_00028 

SAMN03178184_4_questionable Loose->Strict vgaC SAMN031781844_00018 

SAMN03652808_4_questionable Loose->Strict vgaC SAMN036528084_00018 

SAMN06251408_2_incomplete Loose->Strict vgaC SAMN062514082_00006 

SAMN06606092_4_incomplete Loose->Strict vgaC SAMN066060924_00006 

VC_494_0 2 
SAMN03323806_1_questionable Loose->Strict AAC(6')-Ii SAMN033238061_00002 

SAMN03323919_1_questionable Loose->Strict AAC(6')-Ii SAMN033239191_00039 

VC_514_0 2 

SAMN10390787_2_incomplete 
Perfect OXA-2 SAMN103907872_00005 

Strict sul1 SAMN103907872_00003 

SAMN10390788_3_incomplete 
Perfect OXA-2 SAMN103907883_00005 

Strict sul1 SAMN103907883_00003 

VC_548_0 15 

SAMEA101010418_2_incomplete 

Perfect CTX-M-15 SAMEA1010104182_00022 

Perfect TEM-1 SAMEA1010104182_00017 

Strict AAC(3)-IIc SAMEA1010104182_00016 

SAMEA101011168_4_incomplete 

Perfect CTX-M-15 SAMEA1010111684_00023 

Perfect TEM-1 SAMEA1010111684_00018 

Strict AAC(3)-IIc SAMEA1010111684_00017 

SAMEA101011918_1_incomplete Perfect CTX-M-15 SAMEA1010119181_00022 
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Perfect TEM-1 SAMEA1010119181_00017 

Strict AAC(3)-IIc SAMEA1010119181_00016 

SAMEA101013418_1_incomplete 

Perfect CTX-M-15 SAMEA1010134181_00003 

Perfect TEM-1 SAMEA1010134181_00008 

Strict AAC(3)-IIc SAMEA1010134181_00009 

SAMEA101014168_1_incomplete 

Perfect CTX-M-15 SAMEA1010141681_00003 

Perfect TEM-1 SAMEA1010141681_00008 

Strict AAC(3)-IIc SAMEA1010141681_00009 

SAMEA101015668_3_incomplete 

Perfect CTX-M-15 SAMEA1010156683_00022 

Perfect TEM-1 SAMEA1010156683_00017 

Strict AAC(3)-IIc SAMEA1010156683_00016 

SAMEA101017168_2_incomplete 

Perfect CTX-M-15 SAMEA1010171682_00003 

Perfect TEM-1 SAMEA1010171682_00008 

Strict AAC(3)-IIc SAMEA1010171682_00009 

SAMEA101017918_1_incomplete 

Perfect CTX-M-15 SAMEA1010179181_00003 

Perfect TEM-1 SAMEA1010179181_00008 

Strict AAC(3)-IIc SAMEA1010179181_00009 

SAMEA101019418_1_incomplete 

Perfect CTX-M-15 SAMEA1010194181_00003 

Perfect TEM-1 SAMEA1010194181_00008 

Strict AAC(3)-IIc SAMEA1010194181_00009 

SAMEA101020168_2_incomplete 

Perfect CTX-M-15 SAMEA1010201682_00003 

Perfect TEM-1 SAMEA1010201682_00008 

Strict AAC(3)-IIc SAMEA1010201682_00009 

SAMEA101021668_1_incomplete 

Perfect CTX-M-15 SAMEA1010216681_00003 

Perfect TEM-1 SAMEA1010216681_00008 

Strict AAC(3)-IIc SAMEA1010216681_00009 

SAMEA101022418_3_incomplete 

Perfect CTX-M-15 SAMEA1010224183_00003 

Perfect TEM-1 SAMEA1010224183_00008 

Strict AAC(3)-IIc SAMEA1010224183_00009 

SAMEA101023168_1_incomplete 

Perfect CTX-M-15 SAMEA1010231681_00022 

Perfect TEM-1 SAMEA1010231681_00017 

Strict AAC(3)-IIc SAMEA1010231681_00016 

SAMEA101024668_1_incomplete 

Perfect CTX-M-15 SAMEA1010246681_00022 

Perfect TEM-1 SAMEA1010246681_00017 

Strict AAC(3)-IIc SAMEA1010246681_00016 

SAMEA103908348_2_questionable 

Perfect TEM-1 SAMEA1039083482_00016 

Strict AAC(3)-IIc SAMEA1039083482_00017 

Strict dfrA30 SAMEA1039083482_00009 

VC_550_0 2 

SAMEA3303410_1_incomplete 
Perfect TEM-1 SAMEA33034101_00037 

Strict AAC(3)-IIc SAMEA33034101_00038 

SAMEA3303411_2_incomplete 
Perfect TEM-1 SAMEA33034112_00037 

Strict AAC(3)-IIc SAMEA33034112_00038 
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VC_551_0 2 

SAMN04285996_2_incomplete 
Perfect dfrA12 SAMN042859962_00001 

Perfect TEM-1 SAMN042859962_00008 

SAMN09982378_2_incomplete 
Perfect dfrA12 SAMN099823782_00008 

Perfect TEM-1 SAMN099823782_00001 

VC_564_0 3 

SAMN07249013_2_incomplete Loose->Strict dfrA1 SAMN072490132_00003 

SAMN09104650_2_incomplete Strict dfrA1 SAMN091046502_00019 

SAMN09111788_1_incomplete Strict dfrA1 SAMN091117881_00020 

VC_576_0 2 

SAMEA103920840_2_incomplete 
Perfect sul1 SAMEA1039208402_00011 

Strict dfrA1 SAMEA1039208402_00007 

SAMEA1405505_3_incomplete 
Perfect dfrA15 SAMEA14055053_00007 

Perfect sul1 SAMEA14055053_00009 

VC_577_0 17 

SAMEA3903273_1_questionable Strict dfrA14 SAMEA39032731_00014 

SAMEA3903274_1_questionable Strict dfrA14 SAMEA39032741_00014 

SAMEA3903276_1_questionable Strict dfrA14 SAMEA39032761_00014 

SAMEA3903278_3_questionable Strict dfrA14 SAMEA39032783_00014 

SAMEA3903281_3_questionable Strict dfrA14 SAMEA39032813_00014 

SAMEA3903284_3_questionable Strict dfrA14 SAMEA39032843_00014 

SAMEA3912495_1_questionable Strict dfrA14 SAMEA39124951_00014 

SAMEA3912501_3_questionable Strict dfrA14 SAMEA39125013_00014 

SAMEA3912507_3_questionable Strict dfrA14 SAMEA39125073_00014 

SAMEA3912513_3_questionable Strict dfrA14 SAMEA39125133_00014 

SAMEA3912519_1_questionable Strict dfrA14 SAMEA39125191_00014 

SAMEA3912525_3_questionable Strict dfrA14 SAMEA39125253_00014 

SAMEA3912531_3_questionable Strict dfrA14 SAMEA39125313_00014 

SAMEA3912537_3_questionable Strict dfrA14 SAMEA39125373_00014 

SAMEA3912552_3_questionable Strict dfrA14 SAMEA39125523_00014 

SAMEA3912557_3_questionable Strict dfrA14 SAMEA39125573_00014 

SAMEA3927785_2_questionable Strict dfrA14 SAMEA39277852_00014 

VC_578_0 2 
SAMEA103920813_1_incomplete Perfect dfrA23 SAMEA1039208131_00002 

SAMN02393809_4_incomplete Perfect dfrA23 SAMN023938094_00002 

VC_595_0 36 

SAMN05418042_1_questionable Loose->Strict mupB SAMN054180421_00011 

SAMN05418044_2_questionable Loose->Strict mupB SAMN054180442_00009 

SAMN05418046_1_questionable Loose->Strict mupB SAMN054180461_00007 

SAMN05418047_1_questionable Loose->Strict mupB SAMN054180471_00006 

SAMN05418079_3_questionable Loose->Strict mupB SAMN054180793_00009 

SAMN05418099_1_incomplete Loose->Strict mupB SAMN054180991_00002 

SAMN05418158_1_incomplete Loose->Strict mupB SAMN054181581_00010 

SAMN05418180_2_incomplete Loose->Strict mupB SAMN054181802_00006 

SAMN07809270_1_questionable Loose->Strict mupB SAMN078092701_00006 

SAMN08099548_2_questionable Loose->Strict mupB SAMN080995482_00009 

VC_698_0 4 SAMN09386766_2_questionable Loose->Strict vanSA SAMN093867662_00020 

VC_705_0 3 SAMN02470877_1_incomplete Loose->Strict ErmG SAMN024708771_00004 
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N/A* N/A* 

SAMD00009378_5_intact Loose->Strict ICR-Mo SAMD000093785_00009 

SAMD00019582_1_intact Loose->Strict OXA-63 SAMD000195821_00005 

SAMEA103908350_3_incomplete Perfect catI SAMEA1039083503_00004 

SAMEA103910269_2_incomplete Strict dfrA1 SAMEA1039102692_00015 

SAMEA104090880_1_incomplete 

Perfect sul1 SAMEA1040908801_00019 

Strict AAC(3)-IIa SAMEA1040908801_00007 

Strict dfrA1 SAMEA1040908801_00021 

SAMEA1405678_1_intact Loose->Strict chrB SAMEA14056781_00004 

SAMEA2445263_2_intact Loose->Strict ICR-Mo SAMEA24452632_00011 

SAMN02440125_1_intact Loose->Strict ICR-Mo SAMN024401251_00005 

SAMN02470293_4_intact Loose->Strict chrB SAMN024702934_00044 

SAMN03104884_3_incomplete 

Perfect SAT-2 SAMN031048843_00012 

Strict ANT(3'')-
IIa SAMN031048843_00011 

Strict dfrA1 SAMN031048843_00013 

SAMN03175443_3_intact Loose->Strict vgaC SAMN031754433_00117 

SAMN03177463_2_intact Loose->Strict vgaC SAMN031774632_00090 

SAMN03177521_3_intact 
Strict QnrVC6 SAMN031775213_00006 

Loose->Strict vgaC SAMN031775213_00096 

SAMN03177577_2_intact Loose->Strict vgaC SAMN031775772_00136 

SAMN03178171_2_intact Loose->Strict vgaC SAMN031781712_00091 

SAMN03349613_2_incomplete Loose->Strict Erm(34) SAMN033496132_00020 

SAMN03996261_1_intact Loose->Strict ICR-Mo SAMN039962611_00004 

SAMN04286042_2_incomplete Perfect dfrA12 SAMN042860422_00012 

SAMN05418113_1_questionable Strict adeF SAMN054181131_00002 

SAMN05418137_1_incomplete Loose->Strict mupB SAMN054181371_00002 

SAMN05418157_1_incomplete Strict QnrS2 SAMN054181571_00005 

SAMN08049309_1_intact Loose->Strict ICR-Mo SAMN080493091_00006 

SAMN08667567_2_questionable Loose->Strict vatE SAMN086675672_00035 

SAMN08667664_1_questionable Loose->Strict vatE SAMN086676641_00035 

SAMN08979148_2_incomplete 
Perfect QnrVC5 SAMN089791482_00008 

Strict dfrA6 SAMN089791482_00007 

SAMN10364850_3_questionable 

Perfect CARB-4 SAMN103648503_00026 

Perfect catI SAMN103648503_00013 

Strict APH(3'')-
Ib SAMN103648503_00024 

Strict APH(6)-Id SAMN103648503_00025 

Strict tet(A) SAMN103648503_00006 

Strict tetR SAMN103648503_00007 

* prophages do not belong to any cluster based on vContact2 clustering (Section 5.2.2) 
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Appendix 15: ARG g-block nucleotide sequences (5’-3’).  

 

Upper case letters denote ARG sequence. Lower case letters in aac(3)-IIa and TEM-1 denote promoter 

(upstream of ARG sequence) and terminator (downstream of ARG sequence). Bolded out nucleotide 

sequence denotes RBS. 

 

ANT(3'')-IIa 

ATGAGGGAAGCGGTGATCGCCGAAGTATCGACTCAACTATCAGAGGTAGTTGGCGTCATCGAGCGCCATCTC

GAACCGACGTTGCTGGCCGTACATTTGTACGGCTCCGCAGTGGATGGCGGCCTGAAGCCACACAGTGATATT

GATTTGCTGGTTACGGTGACCGTAAGGCTTGATGAAACAACGCGGCGAGCTTTGATCAACGACCTTTTGGAAA

CTTCGGCTTCCCCTGGAGAGAGCGAGATTCTCCGCGCTGTAGAAGTCACCATTGTTGTGCACGACGACATCAT

TCCGTGGCGTTATCCAGCTAAGCGCGAACTGCAATTTGGAGAATGGCAGCGCAATGACATTCTTGCAGGTATC

TTCGAGCCAGCCACGATCGACATTGATCTGGCTATCTTGCTGACAAAAGCAAGAGAACATAGCGTTGCCTTGG

TAGGTCCAGCGGCGGAGGAACTCTTTGATCCGGTTCCTGAACAGGATCTATTTGAGGCGCTAAATGAAACCTT

AACGCTATGGAACTCGCCGCCCGACTGGGCTGGCGATGAGCGAAATGTAGTGCTTACGTTGTCCCGCATTTG

GTACAGCGCAGTAACCGGCAAAATCGCGCCGAAGGATGTCGCTGCCGACTGGGCAATGGAGCGCCTGCCGG

CCCAGTATCAGCCCGTCATACTTGAAGCTAGGCAGGCTTATCTTGGACAAGAAGATCGCTTGGCCTCGCGCGC

AGATCAGTTGGAAGAATTTGTTCACTACGTGAAAGGCGAGATCACCAAGGTAGTCGGCAAATAA 

 

cat 

ATGCAGAAAATAAATCCGACTTATACCGTTGTAGACTTATCCCACTGGGCAAGGAAAGAGCATTTTGAGGCAT

TTCAGACCTTTGCGCAATGTACATTTAGTCAAACTGTACAGTTAGATATTACCACCTTGTTAAAGGATATTAAT

ACTGTTGGCTGGAAAATCTATCCTGCTATAATTTTTCTTCTTGCTAAAATAGTAAACAGACATTCGGAATTTCGT

ATGTCTGTAAAAGACAATGACCTTATCATATGGGATGATATTCATCCATGCTATACAATCTTTAATGATAAAAC

CGAGACTTTTTCGTCTCTGTGGAGCCATTATGATGGTAATATTCATCACTTCCTGAAGAATTATTCAGATGATG

TCGCACGTTATAAAAATAGTATTTCCTATTTACCTAAAGAAGAGTCTCTGGAAAATGTATTCTTCGTATCTGCA

AATCCGTGGGTTAGTTTTACCGGCTTTAATATAAACATAGCTAACTTTCAGAACTTTTTCGCACCAATGTTCACA

ACAGGAAAATACTACCAGCAAGGTGAAAGAGTGCTATTACCTTTCGCTGTCCAGGTACATCATGCTGTTTGCG

ATGGTTTTCATGTGGCAAGGTTGATCAATGAGTTACAAACTATGTGTGATGACTTGTTGCGATATTGCGAGCC

TGATTCGTGA 
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dfrA1 

ATGAAACTATCACTAATGGTAGCTATATCGAAGAATGGAGTTATCGGGAATGGCCCTGATATTCCATGGAGTG

CCAAAGGTGAACAGCTCCTGTTTAAAGCTATTACCTATAACCAATGGCTGTTGGTTGGACGCAAGACTTTTGA

ATCAATGGGAGCATTACCCAACCGAAAGTATGCGGTCGTAACACGTTCAAGTTTTACATCTGACAATGAGAAC

GTATTGATCTTTCCATCAATTAAAGATGCTTTAACCAACCTAAAGAAAATAACGGATCATGTCATTGTTTCAGG

TGGTGGGGAGATATACAAAAGCCTGATCGATCAAGTAGATACACTACATATATCTACAATAGACATCGAGCCG

GAAGGTGATGTTTACTTTCCTGAAATCCCCAGCAATTTTAGGCCAGTTTTTACCCAAGACTTCGCCTCTAACATA

AATTATAGTTACCAAATCTGGCAAAAGGGTTAA 

 

gyrA 

ATGAGCGATCTAGCTAAAGAGATCACGCCCGTAAACATCGAAGACGAGCTACGCAGTTCGTATTTGGACTAC

GCGATGTCGGTTATCGTGGGTCGTGCTCTTCCTGATGTGCGTGATGGCCTTAAACCAGTACACCGACGCGTAC

TGTTCGCGATGAATGTGCTGGGCAACGACTGGAACAAAGCCTATAAAAAATCTGCCCGTGTGGTAGGTGACG

TAATCGGTAAATATCACCCTCATGGTGACATTGCGGTTTACGACACCATCGTGCGTATGGCGCAGCCTTTCTCA

CTTCGTTACATGTTGGTCGATGGCCAAGGTAACTTTGGCTCGATCGACGGCGACTCCGCGGCGGCAATGCGTT

ATACCGAAGTTCGTATGTCGAAAATCGCGCACGAACTCTTGGCAGACCTAGACAAAGAAACCGTTGACTACGT

TCCGAACTATGACGGCACCGAGCAGATCCCTGCGGTATTGCCGACAAAGATCCCGAACCTGCTGATCAACGGC

GCATCTGGTATTGCGGTGGGTATGGCAACCAACATTCCTCCGCACAATTTAGGTGAAGTGATCGATGGCTGTT

TAGCTACATCGATAATGAAGCGATCACCATTGATGAGTTGA 

 

ugd 

ATGAAGATTGCGATTGCGGGGACTGGATATGTTGGTCTATCAAACGGGGTGCTACTCGCTCAGCACAATCAA

GTGGTTGCACTGGATATTGTGCCGAGTCGGGTTCAGCAGTTAAACGATAAGATTTCCCCCATCGCTGATCCGG

AAATCGAAGATTTTCTGCAACATCAGCCCATTGATTTTAGAGCCACTTGCGATAAGCAGGAAGCGTATCAAGA

TGCCCAGTATGTCGTGATTGCCACACCGACCGATTACAACCCAGAAACCAACTACTTTGACACCCGAACGGTG

GAGGCAGTGATTGATGATGTGTTAGCAATCAACCCAAATGCCATTATGGTGATCAAATCGACGGTACCGGTTG

GTTACACGAAACGCATCAAGCAGCGCCTGTGCTGTAACAATATTGTGTTTTCCCCGGAGTTTTTACGTGAAGG

CCGCGCCTTGTATGACAACTTATACCCATCGAGGATCATCGTGGGTGAAAAATCAGAGCGTGCACAAGCCTTT

GCCGAGTTACTGGCTCAGGGCGCAAAGAAAACCAACATCCCTATTTTACTTACCCATTCAACCGAAGCTGAAG

CGGTCAAACTCTTCTCCAATACTTATCTTGCAATGCGTGTCTCTTTCTTTAACGAGTTGGATACTTACGCGGAAA

CTCATGGTTTAGATACCCAACAGATTATTGAAGGCGTTGGGCTTGATCCTCGTATTGGGAACCACTACAACAA

CCCTTCCTTTGGTTATGGTGGTTACTGTTTACCGAAAGATACCCGCCAGTTGCTGCGTAATTTTGAAGATGTAC

CGAATAACTTGATTCGTGCCATTGTCGATGCCAATACCACACGCAAAGACCATATTGCGTTTTCAATATTGAAT
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CGAAACCCTAAAGTGGTGGGGATTTATCGGTTGATCATGAAAGCGGGCTCTGACAATTATCGCGCTTCGTCAA

TTCTGGGGATTATGAAACGAATCAAAACCCGAGGTATCGATGTTGTGATTTACGAGCCAGTGCTCAGCGAATC

GACGTTCTACGGCTCTCCCGTTATTACTGATTTAGCGCAGTTCAAAGCGATGGCTGAGGTGATTGTGACCAAT

CGTCTGGTGGCAGAGCTCGACGATGTGCAGGAAAAAATTTATACCCGCGATCTGTTTGGGCAAGATTGA 

 

SAT-2 

ATGAAGATTTCGGTGATCCCTGAGCAGGTGGCGGAAACATTGGATGCTGAGAACCATTTCATTGTTCGTGAA

GTGTTCGATGTGCACCTATCCGACCAAGGCTTTGAACTATCTACCAGAAGTGTGAGCCCCTACCGGAAGGATT

ACATCTCGGATGATGACTCTGATGAAGACTCTGCTTGCTATGGCGCATTCATCGACCAAGAGCTTGTCGGGAA

GATTGAACTCAACTCAACATGGAACGATCTAGCCTCTATCGAACACATTGTTGTGTCGCACACGCACCGAGGC

AAAGGAGTCGCGCACAGTCTCATCGAATTTGCGAAAAAGTGGGCACTAAGCAGACAGCTCCTTGGCATACGA

TTAGAGACACAAACGAACAATGTACCTGCCTGCAATTTGTACGCAAAATGTGGCTTTACTCTCGGCGGCATTG

ACCTGTTCACGTATAAAACTAGACCTCAAGTCTCGAACGAAACAGCGATGTACTGGTACTGGTTCTCGGGAGC

ACAGGATGACGCCTAA 

 

AAC(3)-IIa 

ttgacagctagctcagtcctaggtataatgctagcCTAGAGAAAGAGGAGAAATACTAGATGCATACGCGGAAGGCAATA

ACGGAGGCAATTCGAAAACTCGGAGTCCAAACCGGTGACCTGTTGATGGTGCATGCCTCACTTAAAGCGATT

GGTCCGGTCGAAGGAGGAGCGGAGACGGTCGTTGCCGCGTTACGCTCCGCGGTTGGGCCGACTGGCACTGT

GATGGGATACGCGTCGTGGGACCGATCACCCTACGAGGAGACTCTGAATGGCGCTCGGTTGGATGACAAAG

CCCGCCGTACCTGGCCGCCGTTCGATCCCGCAACGGCCGGGACTTACCGTGGGTTCGGCCTGCTGAATCAATT

TCTGGTTCAAGCCCCCGGCGCGCGGCGCAGCGCGCACCCCGATGCATCGATGGTCGCGGTTGGTCCGCTAGC

TGAAACGCTGACGGAGCCTCACGAACTCGGTCACGCCTTGGGGGAAGGGTCGCCCGTCGAGCGGTTCGTCCG

CCTTGGCGGGAAGGCCCTGCTGTTGGGTGCGCCGCTAAACTCCGTTACCGCATTGCACTACGCCGAGGCGGTT

GCGGATATCCCCAACAAACGATGGGTGACGTATGAGATGCCGATGCTTGGAAGAAACGGTGAAGTCGCCTG

GAAAACGGCATCAGAATACGATTCAAACGGCATTCTCGATTGCTTTGCTATCGAAGGAAAGCCGGATGCGGT

CGAAACTATAGCAAATGCTTACGTGAAGCTCGGTCGCCATCGAGAAGGTGTCGTGGGCTTTGCTCAGTGCTAC

CTGTTCGACGCGCAGGACATCGTGACGTTCGGCGTCACCTATCTTGAGAAGCACTTCGGAGCCACTCCGATCG

TGCCAGCACACGAAGCCGCCCAGCGCTCTTGCGAGCCTTCCGGTTAGccaggcatcaaataaaacgaaaggctcagtcg

aaagactgggcctttcgttttatctgttgtttgtcggtgaacgctctc 

 

 



 316 

TEM-1 

ttgacagctagctcagtcctaggtataatgctagcCTAGAGAAAGAGGAGAAATACTAGATGAGTATTCAACATTTTCGTG

TCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAG

ATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGA

GTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGTGCGGTATTATCCCGT

GTTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAG

TCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATA

ACACTGCTGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGG

GGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACAC

CACGATGCCTGCAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGG

CAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGC

TGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGAT

GGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAG

ATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAAccaggcatcaaataaaacgaaaggctcagtcgaaagactgggc

ctttcgttttatctgttgtttgtcggtgaacgctctc 

 

 

Appendix 16: Sequence and map of pBBR1MCS2 plasmid vector. 

 

CTCGGGCCGTCTCTTGGGCTTGATCGGCCTTCTTGCGCATCTCACGCGCTCCTGCGGCGGCCTGTAGGGCAGG

CTCATACCCCTGCCGAACCGCTTTTGTCAGCCGGTCGGCCACGGCTTCCGGCGTCTCAACGCGCTTTGAGATTC

CCAGCTTTTCGGCCAATCCCTGCGGTGCATAGGCGCGTGGCTCGACCGCTTGCGGGCTGATGGTGACGTGGC

CCACTGGTGGCCGCTCCAGGGCCTCGTAGAACGCCTGAATGCGCGTGTGACGTGCCTTGCTGCCCTCGATGCC

CCGTTGCAGCCCTAGATCGGCCACAGCGGCCGCAAACGTGGTCTGGTCGCGGGTCATCTGCGCTTTGTTGCCG

ATGAACTCCTTGGCCGACAGCCTGCCGTCCTGCGTCAGCGGCACCACGAACGCGGTCATGTGCGGGCTGGTTT

CGTCACGGTGGATGCTGGCCGTCACGATGCGATCCGCCCCGTACTTGTCCGCCAGCCACTTGTGCGCCTTCTC

GAAGAACGCCGCCTGCTGTTCTTGGCTGGCCGACTTCCACCATTCCGGGCTGGCCGTCATGACGTACTCGACC

GCCAACACAGCGTCCTTGCGCCGCTTCTCTGGCAGCAACTCGCGCAGTCGGCCCATCGCTTCATCGGTGCTGC

TGGCCGCCCAGTGCTCGTTCTCTGGCGTCCTGCTGGCGTCAGCGTTGGGCGTCTCGCGCTCGCGGTAGGCGTG

CTTGAGACTGGCCGCCACGTTGCCCATTTTCGCCAGCTTCTTGCATCGCATGATCGCGTATGCCGCCATGCCTG

CCCCTCCCTTTTGGTGTCCAACCGGCTCGACGGGGGCAGCGCAAGGCGGTGCCTCCGGCGGGCCACTCAATG

CTTGAGTATACTCACTAGACTTTGCTTCGCAAAGTCGTGACCGCCTACGGCGGCTGCGGCGCCCTACGGGCTT

GCTCTCCGGGCTTCGCCCTGCGCGGTCGCTGCGCTCCCTTGCCAGCCCGTGGATATGTGGACGATGGCCGCGA
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GCGGCCACCGGCTGGCTCGCTTCGCTCGGCCCGTGGACAACCCTGCTGGACAAGCTGATGGACAGGCTGCGC

CTGCCCACGAGCTTGACCACAGGGATTGCCCACCGGCTACCCAGCCTTCGACCACATACCCACCGGCTCCAAC

TGCGCGGCCTGCGGCCTTGCCCCATCAATTTTTTTAATTTTCTCTGGGGAAAAGCCTCCGGCCTGCGGCCTGCG

CGCTTCGCTTGCCGGTTGGACACCAAGTGGAAGGCGGGTCAAGGCTCGCGCAGCGACCGCGCAGCGGCTTG

GCCTTGACGCGCCTGGAACGACCCAAGCCTATGCGAGTGGGGGCAGTCGAAGGCGAAGCCCGCCCGCCTGC

CCCCCGAGCCTCACGGCGGCGAGTGCGGGGGTTCCAAGGGGGCAGCGCCACCTTGGGCAAGGCCGAAGGCC

GCGCAGTCGATCAACAAGCCCCGGAGGGGCCACTTTTTGCCGGAGGGGGAGCCGCGCCGAAGGCGTGGGG

GAACCCCGCAGGGGTGCCCTTCTTTGGGCACCAAAGAACTAGATATAGGGCGAAATGCGAAAGACTTAAAAA

TCAACAACTTAAAAAAGGGGGGTACGCAACAGCTCATTGCGGCACCCCCCGCAATAGCTCATTGCGTAGGTTA

AAGAAAATCTGTAATTGACTGCCACTTTTACGCAACGCATAATTGTTGTCGCGCTGCCGAAAAGTTGCAGCTG

ATTGCGCATGGTGCCGCAACCGTGCGGCACCCTACCGCATGGAGATAAGCATGGCCACGCAGTCCAGAGAAA

TCGGCATTCAAGCCAAGAACAAGCCCGGTCACTGGGTGCAAACGGAACGCAAAGCGCATGAGGCGTGGGCC

GGGCTTATTGCGAGGAAACCCACGGCGGCAATGCTGCTGCATCACCTCGTGGCGCAGATGGGCCACCAGAAC

GCCGTGGTGGTCAGCCAGAAGACACTTTCCAAGCTCATCGGACGTTCTTTGCGGACGGTCCAATACGCAGTCA

AGGACTTGGTGGCCGAGCGCTGGATCTCCGTCGTGAAGCTCAACGGCCCCGGCACCGTGTCGGCCTACGTGG

TCAATGACCGCGTGGCGTGGGGCCAGCCCCGCGACCAGTTGCGCCTGTCGGTGTTCAGTGCCGCCGTGGTGG

TTGATCACGACGACCAGGACGAATCGCTGTTGGGGCATGGCGACCTGCGCCGCATCCCGACCCTGTATCCGG

GCGAGCAGCAACTACCGACCGGCCCCGGCGAGGAGCCGCCCAGCCAGCCCGGCATTCCGGGCATGGAACCA

GACCTGCCAGCCTTGACCGAAACGGAGGAATGGGAACGGCGCGGGCAGCAGCGCCTGCCGATGCCCGATGA

GCCGTGTTTTCTGGACGATGGCGAGCCGTTGGAGCCGCCGACACGGGTCACGCTGCCGCGCCGGTAGCACTT

GGGTTGCGCAGCAACCCGTAAGTGCGCTGTTCCAGACTATCGGCTGTAGCCGCCTCGCCGCCCTATACCTTGT

CTGCCTCCCCGCGTTGCGTCGCGGTGCATGGAGCCGGGCCACCTCGACCTGAATGGAAGCCGGCGGCACCTC

GCTAACGGATTCACCGTTTTTATCAGGCTCTGGGAGGCAGAATAAATGATCATATCGTCAATTATTACCTCCAC

GGGGAGAGCCTGAGCAAACTGGCCTCAGGCATTTGAGAAGCACACGGTCACACTGCTTCCGGTAGTCAATAA

ACCGGTAAACCAGCAATAGACATAAGCGGCTATTTAACGACCCTGCCCTGAACCGACGACCGGGTCGAATTTG

CTTTCGAATTTCTGCCATTCATCCGCTTATTATCACTTATTCAGGCGTAGCAACCAGGCGTTTAAGGGCACCAAT

AACTGCCTTAAAAAAATTACGCCCCGCCCTGCCACTCATCGCAGTACGGCCTATTGGTTAAAAAATGAGCTGAT

TTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGCTTACAATTTCCATTCGCCATTCAGGCTGCGCAA

CTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTACGCCAGCTGGCGAAAGGGGGATGTGCTGCAA

GGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGTGAGCGCGCGT

AATACGACTCACTATAGGGCGAATTGGAGCTCCACCGCGGTGGCGGCCGCTCTAGAACTAGTGGATCCCCCG

GGCTGCAGGAATTCGATATCAAGCTTATCGATACCGTCGACCTCGAGGGGGGGCCCGGTACCCAGCTTTTGTT

CCCTTTAGTGAGGGTTAATTGCGCGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCG

CTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAA
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CTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAAT

CGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCATGCATAAAAACTGTTGTAATTCATTAAGCAT

TCTGCCGACATGGAAGCCATCACAAACGGCATGATGAACCTGAATCGCCAGCGGCATCAGCACCTTGTCGCCT

TGCGTATAATATTTGCCCATGGGGGTGGGCGAAGAACTCCAGCATGAGATCCCCGCGCTGGAGGATCATCCA

GCCGGCGTCCCGGAAAACGATTCCGAAGCCCAACCTTTCATAGAAGGCGGCGGTGGAATCGAAATCTCGTGA

TGGCAGGTTGGGCGTCGCTTGGTCGGTCATTTCGAACCCCAGAGTCCCGCTCAGAAGAACTCGTCAAGAAGG

CGATAGAAGGCGATGCGCTGCGAATCGGGAGCGGCGATACCGTAAAGCACGAGGAAGCGGTCAGCCCATTC

GCCGCCAAGCTCTTCAGCAATATCACGGGTAGCCAACGCTATGTCCTGATAGCGGTCCGCCACACCCAGCCGG

CCACAGTCGATGAATCCAGAAAAGCGGCCATTTTCCACCATGATATTCGGCAAGCAGGCATCGCCATGGGTCA

CGACGAGATCCTCGCCGTCGGGCATGCGCGCCTTGAGCCTGGCGAACAGTTCGGCTGGCGCGAGCCCCTGAT

GCTCTTCGTCCAGATCATCCTGATCGACAAGACCGGCTTCCATCCGAGTACGTGCTCGCTCGATGCGATGTTTC

GCTTGGTGGTCGAATGGGCAGGTAGCCGGATCAAGCGTATGCAGCCGCCGCATTGCATCAGCCATGATGGAT

ACTTTCTCGGCAGGAGCAAGGTGAGATGACAGGAGATCCTGCCCCGGCACTTCGCCCAATAGCAGCCAGTCC

CTTCCCGCTTCAGTGACAACGTCGAGCACAGCTGCGCAAGGAACGCCCGTCGTGGCCAGCCACGATAGCCGC

GCTGCCTCGTCCTGCAGTTCATTCAGGGCACCGGACAGGTCGGTCTTGACAAAAAGAACCGGGCGCCCCTGC

GCTGACAGCCGGAACACGGCGGCATCAGAGCAGCCGATTGTCTGTTGTGCCCAGTCATAGCCGAATAGCCTC

TCCACCCAAGCGGCCGGAGAACCTGCGTGCAATCCATCTTGTTCAATCATGCGAAACGATCCTCATCCTGTCTC

TTGATCAGATCTTGATCCCCTGCGCCATCAGATCCTTGGCGGCAAGAAAGCCATCCAGTTTACTTTGCAGGGCT

TCCCAACCTTACCAGAGGGCGCCCCAGCTGGCAATTCCGGTTCGCTTGCTGTCCATAAAACCGCCCAGTCTAG

CTATCGCCATGTAAGCCCACTGCAAGCTACCTGCTTTCTCTTTGCGCTTGCGTTTTCCCTTGTCCAGATAGCCCA

GTAGCTGACATTCATCCCAGGTGGCACTTTTCGGGGAAATGTGCGCGCCCGCGTTCCTGCTGGCGCTGGGCCT

GTTTCTGGCGCTGGACTTCCCGCTGTTCCGTCAGCAGCTTTTCGCCCACGGCCTTGATGATCGCGGCGGCCTTG

GCCTGCATATCCCGATTCAACGGCCCCAGGGCGTCCAGAACGGGCTTCAGGCGCTCCCGAAGGT 
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Appendix 17: List of strains and plasmid constructs created in this project  

 

Plasmid/Construct Strain 
pBBR1MCS2 DH5α/pBBR1MCS2 
pBBR1MCS2/AAC(3)-IIa DH5α/pBBR1MCS2/AAC(3)-IIa 
pBBR1MCS2/ANT(3'')-IIa DH5α/pBBR1MCS2/ANT(3'')-IIa 
pBBR1MCS2/cat DH5α/pBBR1MCS2/cat 
pBBR1MCS2/dfrA1 DH5α/pBBR1MCS2/dfrA1 
pBBR1MCS2/gyrA DH5α/pBBR1MCS2/gyrA 
pBBR1MCS2/SAT-2 DH5α/pBBR1MCS2/SAT-2 
pBBR1MCS2/TEM-1 DH5α/pBBR1MCS2/TEM-1 
pBBR1MCS2/ugd DH5α/pBBR1MCS2/ugd 
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Appendix 18: List of selected reconstructed phage contigs.  

Complete list of 23,180 reconstructed phage contis is available at:  

http://s3.climb.ac.uk/ADM_share/slawekPHD/appendix16_complete.xlsx 

 

Contig ID 
Length 

[bp] 
Checkv 
quality 

Completeness 
[%] 

Putative 
prophage 

Abundance 
Plym 

[CPM] 

Abundance 
L425m 
[CPM] 

Abundance 
L4surf 
[CPM] 

NODE_1 656628 Complete 95 No 25.1733929 0 0 
NODE_2 351397 High 100 No 16.0611427 0 0 
NODE_3 314050 Medium 58.67 Yes 137.534274 0 0 
NODE_5 286218 High 100 No 48.8308255 0 0 

contig_1543 279581 Medium 89.85 No 8.36412099 134.203562 78.221852 
NODE_6 258831 High 95 No 0 14.2352682 0 
NODE_8 200023 Complete 100 No 1016.78453 326.404563 15.3505915 

NODE_13 179661 Complete 97.08 Yes 3.70026736 3.23499888 9.81410426 
NODE_19 162758 High 93.69 Yes 5.60937678 7.70182073 18.1837527 

contig_8239 81969 High 100 No 185.697548 236.519268 542.553962 
contig_4600 63066 High 100 No 1668.47075 0 0 
NODE_444 47316 Complete 96.34 No 0 1.72625351 2822.59587 

contig_9629 47244 High 100 No 436.923889 0 528.576404 
NODE_503 45514 Complete 98.11 No 73.1610269 0 0 
contig_90 32651 High 100 No 52.8860694 2034.29892 2004.7374 

contig_6262 28085 Medium 67.24 No 0 26250.2428 15.9637494 
NODE_2300 22219 Medium 58.82 No 0 34338.1834 50.0497476 
NODE_4503 14019 Medium 60.81 No 12.1282973 38.9732773 50.899559 
NODE_6319 11152 Low 31.7 No 254.037814 328.141538 597.199185 
contig_687 11082 n/d NA No 0 0 0 
NODE_7367 10020 Low 27 No 1.34184297 31635.2002 26.2600981 
contig_319 9575 Low 41.53 No 948.501731 2424.71379 3444.1881 
NODE_8840 8938 Low 25.66 No 295.424139 404.392655 774.036144 

contig_75 8881 Low 23.51 No 0 37427.9042 0 
contig_2250 7932 Low 21.59 No 77.3374037 24995.0367 239.28508 
NODE_10705 7795 Low 20.64 No 0 36459.3152 24.0659318 
NODE_13242 6730 Low 16.73 No 4.81416903 89023.9487 55.2679789 
NODE_15447 6032 Low 16.6 No 1.31572315 38682.3769 38.9220505 
contig_14855 5726 Low 13.68 No 0 32457.1415 265.516596 
NODE_19028 5216 Low 14.56 No 0 37403.4303 23.0162021 
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Appendix 19: Annotations of selected reconstructed metagenomic contigs.  

 

Annotations include: NODE_1, NODE_8 and contig_12757: 

 

http://s3.climb.ac.uk/ADM_share/slawekPHD/appendix17_NODE_1.gbf 

http://s3.climb.ac.uk/ADM_share/slawekPHD/appendix17_NODE_8.gbf 

http://s3.climb.ac.uk/ADM_share/slawekPHD/appendix17_contig_12757.gbf 
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