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Abstract
Background: The quality of coastal waters around the United Kingdom is an area of increasing concern following sewer overflow, where wastewater is discharged into the environment. Coliphages, viruses which infect coliform bacteria, are associated with water quality in aquatic systems yet remain largely uncharacterized at the genomic level.
Materials and Methods: Phage môr ffagbaw was isolated from seawater against E. coli by enrichment and plaque assays. Whole genome sequencing, transmission electron microscopy and host range analysis against the ECOR collection were used to characterise the phage. 
Results: The virion had a siphovirus morphology and genomic analysis placed it within the family Drexlerviridae, subfamily Tempevirinae and forms a new species within the genus Hanrivervirus. Spot assays revealed that phage môr ffagbaw could form plaques on 6 out of 72 ECOR strains (8%). 
Conclusions: Môr ffagbaw represents a new species of phage within the genus Hanrivervirus, with a narrow host range. 



Introduction
Bacteriophages have received significant recent attention as potential therapeutics due to their specificity and sensitivity to specific bacteria, which have also made them useful tools for the monitoring of water quality. Bacteriophages that target and infect coliforms, coliphages, are of particular interest for studying water quality, along with Enterococcus phages (1) and crAssphage (2). Coliphages are used as a proxy for the presence and abundance of their bacterial hosts, which serve as indicators of faecal contamination. Much of this work has focused on the abundance of coliphages that are found in seawater, rather than the genetic diversity of phages that are found within seawater. Despite over 600 coliphage genomes being publicly available (3) very few of these have been isolated from seawater samples, which largely remains an under-sampled environment for coliphages. 
Swansea Bay is classed as a bathing water area, where water quality is monitored by Natural Resources Wales (NRW) by determining colony forming units of Enterococcus spp. and E. coli within a 100 ml water sample. In 2022 this area was reported as “good” quality by NRW (4). Following a period of high rainfall within September 2022 there was an increase in reported coliforms isolated from seawater samples (10-fold increase in Enterococcus isolated and 8-fold increase in E. coli isolated) (4). It was during this time we collected water for the isolation of coliphages. 
Here we describe the isolation and characterization of a new species of virus within the genus Hanrivervirus, phage môr ffagbaw, from a seawater sample collected from Swansea Bay following the period of high rainfall in September 2022.

Materials and Methods
Bacteriophage, môr ffagbaw (pronunciation: more faj-b-ow) was isolated from seawater within Swansea Bay, South West Wales in September 2022 following a period of flooding. Water samples (50 ml) were collected and cleared of debris via centrifugation (5000 rpm, 10 min) and then filter-sterilised using a 0.2 µm pore size filter. A phage enrichment step was achieved by the addition of 5 ml of the processed water sample with 5 mL culture of E. coli K-12 MG1655 in Luria Bertani (LB) Broth at mid-log growth, followed by incubation at 37 °C overnight. The double-agar overlay method was used for phage isolation and the subsequent three rounds of purification, as has been described previously (5). High titre lysate was produced by infection of ~50 ml of exponentially growing E. coli MG1655 and incubation at 37 °C with shaking at 300 rpm, until lysis had occurred. Host range was determined by screening against the Escherichia coli reference (ECOR) collection (6) via a spot test assay. Briefly, phage môr ffagbaw was diluted to a concentration of 106 PFU/ml, with 10 µl of serially diluted phage added to the top of a lawn of E. coli. The 106 PFU/ml stock was diluted six times with 10-fold dilutions. The observed titre on the ECOR strains were compared to the initial host of E. coli MG1655, in triplicate. The virulence index was calculated using a method described previously (by 7) using a SPECTROstar Omega (BMG) plate reader. For genome sequencing, DNA was extracted from 1 ml of bacteriophage lysate as previously described (8). Sequencing was carried out by the SeqCentre (Pittsburgh, USA) with Nextera XT library preparation, using 2  150 on a NextSeq 200. For assembly reads were first trimmed using trim_galore with the `paired` option (9), followed by sub sampling of reads using bbnorm.sh with the settings of `target=150`. Assembly and annotation was carried out based on previously described methods (10). Briefly, SPAdes v3.15.5 (11) using the options of `assembler-only` was used for assembly. The resultant phage contig was identified, and the closest relative identified with MASH using database of known phage genomes (3), the genome was reordered against phage JakobBernoulli (Accession number: MZ501079) and assembly errors detected and corrected with pilon using default settings (12). Annotation was carried out with Prokka using the PHROGS database (13,14). The top 50 genomes with highest nucleotide identity were identified using the INPHARED database (3). Virus Intergenomic Distance Calculator (VIRIDIC) default settings (15) was used to calculate distance similarity. Core-gene analysis was carried out with ROARY using settings --e --mafft -p 32 –i 90. Phylogenetic trees were constructed using IQTree2  (16)  using the terL with a GTR+F model, using --alrt 1000 -B 1000. 
Transmission Electron Microscopy
TEM was carried out by the University of Leicester Core Biotechnology Services Electron Microscopy Facility. Briefly, 5 µl of sample was applied to a freshly glow-discharged carbon film copper grid for two minutes, washed with two drops of pure water and stained with two 5 µl drops of 1% uranyl acetate (w/v). Excess stain was blotted with filter paper and grids allowed to dry before viewing on TEM. Samples were viewed on a JEOL JEM-1400 TEM with an accelerating voltage of 120 kV. Digital images were collected with a EMSIS Xarosa digital camera with Radius software. Virion images were processed in ImageJ (17) using the measure tool, with the scale bar present used as a calibration to measure phage particle size. The data presented is the mean of 10 virions.
Results
Bacteriophage môr ffagbaw was isolated from seawater within Swansea Bay, South West Wales using E. coli MG1655 as a host and could only be isolated after enrichment. It was thus not possible to determine the titre of coliphages in the water sample. Imaging of phage môr ffagbaw using transmission electron microscopy revealed that the virion had a siphovirus morphology (Figure 1A) with a mean head length of 60 +/- 3 nm and width of 59 +/- 3 nm. The tail was estimated to be 113 +/- 16 nm in length, with a width of 12 +/-1 nm (Figure 1). Genomic analysis of phage môr ffagbaw revealed a genome of 52463 bp in length with a G+C content of 44.2% with 83 predicted genes and no tRNAs. The use of NexteraXT prevented the identification of the termini, thus the genome was ordered against phage JakobBernoulli (accession number MZ501079). Analysis with CheckV v1.0.1 (18) suggested with high confidence the genome was complete based on AAI metric and identification of direct terminal repeats. Only 47% of genes could be ascribed a predicted function, the majority of which were linked to phage morphogenesis proteins. There were 16 genes for which no PHROG number could be ascribed, suggesting they are not common in other bacteriophage genomes. 
Comparing the genome sequence of phage môr ffagbaw against known phage genomes with MASH demonstrated that it had the greatest similarity to the phage grams (MN850567, MASH distance 0.0519203) and was similar several other phages within the genus Hanrivervirus. The relationship of phage môr ffagbaw to other species within the genus Hanrivervirus and other closely related phages was determined by phylogenetic analysis of the terL gene, given the conserved function of this gene. The resultant phylogeny confirms phage môr ffagbaw is a member of the Hanrivervirus genus and is most closely related to Shigella phage ESh4. All phages that are classified as Hanrivervirus by the ICTV form a monophyletic clade (Figure 2), sister to this clade is a group of phages that were isolated on Campylobacter and are described as Hanrivervirus in GenBank but have yet to be formally classified. Intriguingly, the phage A16 which was isolated on Campylobacter, does not fit with other phages isolated on Campylobacter and instead sits within the clade that contains phages infecting Escherichia, Salmonella and Shigella (Figure 2). To further classify phage môr ffagbaw, we utilised VIRIDIC, confirming phage môr ffagbaw as a member of the genus Hanrivervirus, and a representative of a new species, having < 95% similarity with any other phage (19,20) (Figure S1). 
Furthermore, it confirmed the phages infecting Campylobacter are also members of the genus Hanrivervirus. However, whether the genomes of all phages infecting Campylobacter are entirely complete, as described in their Genbank submissions, is currently unclear. Based on genome length compared to other members of Hanrivervirus, it appears two are incomplete or have undergone substantial genome reduction (Figure 2). Further, analysis of the synteny of the genomes between selected members of the Hanrivervirus also suggest some of the Campylobacter phages are incomplete. There is clear synteny in the genomes of phages within the Hanrivervirus (Figure 3), yet some of the Campylobacter phage genomes lack genes that would otherwise be considered core.
To determine the host range of phage môr ffagbaw, we tested it against the ECOR collection that has been widely used as a representative collection of diverse E. coli strains (6). Phage môr ffagbaw was only capable of infecting six of the 72 ECOR strains. Of these strains it had a similar efficiency of plating (EOP) on ECOR 13, ECOR 21 and 35, and reduced EOP on three strains (ECOR 16, 26, and 57). Of the ECOR strains infected five of six are thought to be commensals (ECoR clusters A, B1 and B2) with only one pathogenic strain, ECOR35 (Table 1.). All the strains have different O antigen serotypes, how this links to infection directly will only become clear when the receptor of the phage is elucidated. Phage môr ffagbaw was further characterised by calculation of the virulence index (Vp) (7) which was found to be 0.75 against E. coli K12 MG1655 when grown at 37 °C in LB medium (Figure 1B), with phage môr ffagbaw effective at killing across a range of MOIs (Figure 1B)

Discussion
The study of bacteriophages infecting Escherichia coli (E. coli) in seawater has largely focused on their role as a proxy for faecal coliforms and as a marker as drinking water quality (21,22). Previous work has shown a wide diversity of phage morphotypes can be found in seawater, including siphovirus, myoviruses and podoviruses (23). Additionally, genomic analysis has revealed phages of the families; Demerecviridae, Straboviridae and Drexlerviridae (5). Here we extend this to include phages of a further subfamily (Tempevirinae) in the family Drexlerviridae. Through comparative genomic analysis we identified phage môr ffagbaw is representative of a new viral species, and as the first representative of this species, we propose the species name “Hanrivervirus bawmor”. 
Although coliphages are some of the most abundant phages isolated to date, several high throughput studies have identified phages that represent new diversity at the species, genus and family level, combined with theoretical analysis suggesting there is still much coliphage diversity to be discovered (23,24). Sewage overflow into the sea, following periods of heavy rainfall, is predicted to result in higher levels of coliforms within this environment. Thus, it was unsurprising to isolate a new species of coliphage from seawater, an environment that is relatively under-sampled for the isolation of coliphages. As larger numbers of phages are isolated from seawater, following periods of high and low rainfall, and characterised it will be possible to further evaluate how valid coliphages are as a marker of coliform contamination. Previous studies have identified a variety of morphotypes, with some enrichment of particular morphotypes (23). Currently, it is not known how long different species of coliphages are stable in seawater at the genomic level. The isolation of new model phage-host systems like this one, will allow such questions to be answered in the future. Moving towards a more systematic study of the different types of phages found in seawater and if they simply mirror the diversity of phages found in wastewater, that is the likely source, or if particular types of coliphages are able to reside for longer periods than others. 
Previous reports of phages isolated from seawater have suggested they have a broad host range (5), yet phage môr ffagbaw was only infective against six of 72 ECOR strains tested. Comparison of host ranges between studies is always problematic as it is often not clear whether the tested strains are representative of the species. The ECOR collection for E. coli goes some way to alleviate this problem and provides a like-for-like comparison, with previous studies that have also utilised this strain collection. In comparison to these previously described coliphages,  phage môr ffagbaw has a narrow host range- only being able to infect six ECOR isolates, in comparison to phages JK1 and JK08 which were capable of infecting 16 strains and 41 ECOR strains respectively (25), and phage AC3 which can absorb to 43 and replicated on 23 ECOR strains (26).  
With increased use of standardised collections of strains such as the ECOR collection, it will be possible to begin to determine the underlying genetic differences between phages that control this host range. Currently the small number of phages that have been tested on the ECOR prevent this. It is worth noting that AC3 and JK08 are phages of the family Straboviridae (formerly “T4-like”). If having narrow host ranges is characteristic of phages in the genus Hanrivervirus, remains to be determined empirically. However, the isolation of closely related phages on Salmonella, Escherichia, Shigella and Camplyobacter, suggests they may not. In a similar way using a standard set of strains allows easier comparison between studies, we utilised the virulence index to compare the effectiveness of phage môr ffagbaw at killing its host. With a virulence index of 0.75, phage môr ffagbaw is highly virulent compared to other coliphages that have been assessed using this quantitative method. This includes T4, T5, T7, SLUR29 and vB_EcoM-4HA13, with only phage T7 having a higher virulence index, compared to môr ffagbaw, of 0.84. The increased use of standardised host sets, such as the ECOR collection or a recently curated set for Klebsiella (27) alongside the use of quantitative methods for assessing infectivity such as the virulence index across studies, in conjunction with genome sequencing, will allow further comparison between studies to decipher the link between genotype and phenotype. 
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Figures 
Figure 1. Morphology of phage môr ffagbaw. Virions were imaged by TEM after negative staining with uranyl acetate, imaged at 60,000. Scale bar is 100 nm. A siphovirus morphology of long non-contractile tail and icosahedral head was observed. B Virulence Index. The local virulence index (Vi) was determined for MOIs of 1 to 1E-7, to calculate the Virulence index (Vp) of 0.75 against E. coli K12 MG1655 when grown at 37 °C in LB medium.

Figure 2: Phylogenetic analysis of phage môr ffagbaw. A phylogenetic tree was constructed using TerL from complete phage genomes in the INPHARED databases. The amino acid sequences were aligned in MAFFT, and trees constructed in IQ-TREE2 with 1000 bootstraps. Bootstrap values above 75 are denoted as black circles, with the size proportional to the support value. The genome length is represented as a blue bar, with bars proportional to genome length. The host of each phage isolate is denoted by a coloured square. Orange: Campylobacter, Blue: Escherichia, Pink: Shigella and Green: Salmonella.


Figure 3: Comparative genome analysis of phage môr ffagbaw and representatives of the genus Hanrivervirus. Comparative genome analysis was carried out with clinker with default settings and the final figure edited with InkScape. Orthologues are coloured and joined with shaded lines. 






Table 1: Efficiency of plating of phage môr ffagbaw on the ECOR collection. For brevity, only strains of ECOR that were infected are displayed. Serotype and ECoR cluster are derived from data within Enterobase (28). Efficiency of plating was calculated in respect to plating on the host of isolation, E. coli K12 MG1655. 

	ECOR Host 
	EOP
	 SD
	Serotype
	ECoR
Cluster

	13
	1.233333
	0.262467
	Nd:H25
	A

	16
	0.043333
	0.004714
	O9:H10
	A

	21
	0.933333
	0.309121
	O121:H11
	A

	26
	0.046667
	0.012472
	O104:H21
	B1

	35
	0.833333
	0.286744
	O1:K1:NM
	D

	57
	0.4
	0.08165
	Nd
	B2






