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Abstract
	A novel Klebsiella pneumoniae phage (vB_KpnS-Carvaje) has been isolated and characterized. Its genome length is approximately 57 kb presenting 99 open reading frames (ORFs), 33 of which have assigned functions while 66 are unknown. This phage differs from other sequenced Klebsiella phages, showing the closest resemblance (up to 65.32%) with Salmonella phages belonging to the Nonanavirus and Sashavirus genera. Comparisons at the amino acid level and phylogeny analysis among homologous genomes indicate that the Klebsiella phage Carvaje forms a novel sister taxon within the node of the Nonanaviruses and Sashaviruses cluster. Due to the unique genomic and proteomic features of Carvaje phage, we suggest the establishment of a new genus within the Caudoviricetes class. The genome sequence of Carvaje was deposited in GenBank under the accession number OL604152.



Text of proposal
	
	
Species demarcation criteria: Two phages are assigned to the same species if their genomes are more than 95% identical over their genome length for isolates. 
These values can be calculated by a number of tools, such as BLASTn – usually calculated using intergenomic distance calculator VIRIDIC [1].

Genus demarcation criteria: In search for criteria that create cohesive and distinct genera that are reproducible and monophyletic, the Bacterial Viruses Subcommittee has established 70% nucleotide identity of the genome length as the cut-off for genera. Genus-level groupings should always be monophyletic in the signature genes, as tested with a phylogenetic tree [2].

Phage Carvaje has a siphovirus-like morphology, according to the former ICTV classification with a 64 nm × 65 nm icosahedral capsid, a 146 nm contractile tail, and a brushy baseplate at the distal tip (Figure 1.a). Moreover, as for plaque morphology, upon overnight incubation, it forms uniform plaques with diameters of approximately 0.7 mm and a surrounding larger halo of about 2.7 mm (Figure 1.b).

Bioinformatic analysis of the Carvaje phage revealed that it presents a linear, double-stranded DNA genome with 56858 bp. Its genomic analysis allowed the identification of genes’ putative functions. In total, 99 putative ORFs were predicted, only 33 have assigned putative functions, and 66 ORFs were classified as hypothetical proteins of unknown function. Also, one tRNA was retrieved using myRAST annotation pipeline (Figure 2) [3].
BLASTn analysis [4] of the Carvaje genome revealed a higher nucleotide identity to the complete genomes of Salmonella phages 9NA (accession number: KJ802832.1), vB_SenS_Sasha (accession number: NC_047786.1), Solent (accession number: MH586730.1), and vB_SenS_Sergei (accession number: KY002061.1). These Salmonella phages belong to two genera: the Nonanaviruses comprising the complete genome of Salmonella phage 9NA and the partial genome sequences of phages FLS SP-069 (SP069) and SP-062 (SP062); and the Sashaviruses including the Sasha, Sergei, and Solent phages.

The whole-genome alignment of Carvaje’s genome sequence with the phages that present higher homology (9NA, Sasha, Sergei, and Solent) using EasyFig [5] shows that Carvaje has a higher pairwise identity with the 9NA Salmonella phage (Figure 3). Also, the whole-genome alignments using MAUVE [4] displayed homologies ranging from 62.10% (Solent phage) up to 65.32% (9NA phage).

A phylogenomic tree was inferred using the 22 phage genomes with the highest homology to Carvaje phage retrieved from the BLASTn analysis. Phylogenomic tree was visualized on iTOL software and inferred using the formula d0 on VICTOR [7, 8]. The analysis revealed that Carvaje was included in the same node with the six previously mentioned phages (9NA, Sasha, Sergei, Solent, SP069 and SP062) (Figure 4). 

OrthoVenn [9] comparative analysis of Carvaje and its four closest homologs, using an E-value of 1e-5 and the default inflation value of 1.5, resulted in 99 clusters, of which 49 were orthologous clusters between the five phage genomes, and 46 single-copy gene clusters, with Carvaje yielding 37 of these singletons. A total of 62 orthologous gene clusters were identified among Carvaje and the Salmonella most similar phages (9NA, Sasha, Sergei, and Solent). As pointed above, 9NA belongs to a different genus than Sasha, Solent and Sergei but still shares 60 clusters with these viruses, whereas Carvaje shares only 51 clusters with the latter and 58 clusters in common with 9NA (Figure 5). 

Despite homology with Salmonella phages, Carvaje showed to be specific for K. pneumoniae, not infecting any of the other bacterial species tested (including Salmonella strains). Thus, Carvaje is a novel virulent phage that, to the best of our knowledge, is the first K. pneumoniae phage with similarity with the Salmonella Nonanaviruses and Sashaviruses, suggesting that it has a common ancestor to the phages belonging to these genera. Nevertheless, despite this homology, the similarity of Carvaje with any other known phages isolated to date is still low, and, as so, we suggest that Carvaje should belong to another sister genus.

These results are presented in the manuscript [10], which has been accepted at Current Genetics, Springer (Q1).
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Figure 1 – a) TEM micrograph of Carvaje phage particle (scale bar 100 nm); b) Plaque morphology of Carvaje. Retrieved from: [10]
[image: C:\Users\jsousa50398\OneDrive - INL\Documents\PhD Thesis\paper Phage E\Figure 4.tif]
Figure 2 – Map of the genome organization of phage Carvaje created by BRIG platform and CGView. The ORFs with predicted annotations are indicated with blue arrows (CDS – Coding Sequence). The inner rings show genome location, GC skew + (green), GC skew − (purple) and GC content (black). Encoded tRNA is represented in yellow. Hypothetical proteins are represented by hp. Retrieved from: [10]
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Figure 3 – Schematic genomic alignment at the nucleotide level of phage Carvaje with most similar phages, generated by EasyFig program. Arrows represent ORFs (pink arrows are associated with hypothetical proteins of unknown function, while orange arrows are ORFs that encode proteins with specific functions). Gradient of grey bars indicate the identity percentage between connected homologous regions, darker grey means a higher similarity. Retrieved from: [10]
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Figure 4 – Phylogenomic tree visualized on iTOL software and inferred using the formula d0 on VICTOR. Branches’ lengths reflect pseudo-bootstrap support values from 100 replications and are scaled in terms of the respective distance formula used. The names of the phages and respective host are given at the tip of each branch. Color ranges represent phages’ genera and colored circles are regarded as respective family. Retrieved from: [10]
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Figure 5 – OrthoVenn comparison of Carvaje gene products with those of its close related phage genomes deposited at the NCBI. Venn diagram showing the number of orthologous shared clusters. Below the Venn diagram is the number of clusters of each phage and the number of clusters shared by 5, 4, 3, and 2 phages. Retrieved from: [10]
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