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Abstract

Foodborne salmonellosis remains a public health concern, especially in children and
immunocompromised patients. Here, we report the isolation and genome analysis of Salmonella phage
vB_SenS_Horemheb, isolated from wastewater collected in Cairo, Egypt. Illumina platform was used to
sequence the phage genome, and the generated reads were assembled into a single 43,278 bp contig
with 283x coverage and a GC content of 49.89%. Genome annotation predicted 62 coding sequences,
with no tRNA genes or genes associated with lysogeny, toxin production, or antimicrobial resistance.
Manual curation improved the automated annotation by identifying two missed coding sequences and
adjusting the start codon of a gene encoding an Rz-like spanin. The genome encodes capsid- and tail-
associated proteins related to siphovirus-like phages and a predicted lysis system with separated
spanin— and holin/endolysin—encoding regions. The classification program, TaxMyPhage, assigned
vB_SenS_Horemheb as a member of a new species within the genus Jerseyvirus, family Sarkviridae.

Full Text
Genome Report:

Diseases caused by foodborne pathogens are a growing public health threat, affecting nearly one tenth
of the global population each year. Salmonella speciesare major causative agents of foodborne diseases
and are also among the top four causes of diarrheal diseases [1]. Salmonella is a genus of Gram-
negative, rod-shaped, non-lactose fermenting bacteria in the family Enterobacteriaceae. S. enterica and
S. bongori are the two main species of Salmonella. These species include thousands of serovars, and
within S. enterica, several serovars can infect both animals and humans [2].

Salmonella species commonly colonize domestic and wild animals, and they are widespread in food
animals including cattle, poultry, and pigs. Salmonella species can pass through the entire food chain
and are transmitted to humans through contaminated food. Children and immunocompromised patients
are among the vulnerable groups who may be severely affected by these infections, with higher
morbidity and mortality rates reported in developing countries [3]. Control measures are therefore
needed to reduce diarrheal diseases caused by Salmonella. In this effort, we isolated a new phage
against Salmonella enterica.

Salmonella phage vB_SenS_Horemheb was isolated from a wastewater-treatment plant in Al-Sayeda
Zeinab district in Cairo, Egypt. The wastewater was clarified by centrifugation (6,797 xg/10 min) and
filtration through a 0.45 pm polyethersulfone (PES) syringe filter. For phage enrichment, equal volumes
of the clarified wastewater and exponentially growing Salmonella enterica Serovar Typhimurium(ATCC
14028) were incubated overnight. Next, the enriched phage lysate was centrifuged and filtered through a
0.22 pm PES syringe filter, then spotted onto a lawn of the exponentially growing bacterial host in 0.3%
soft agar. After incubation, clear plaques were observed, indicating the presence of phages [4]. Agar
plugs containing plaques were picked and incubated overnight in 1 mL of sterile broth at 4 °C to allow
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phage elution. To confirm plaque formation, the elute was serially diluted 10-fold and tested by plaque
assay . The phage plaques were purified by four rounds of single-plaque isolation [5].

The phage was amplified initially in a small-volume culture. Briefly, 100 pL of the phage lysate was
incubated with 2 mL of exponentially growing bacterial host culture. Then, the amplified phage lysate
was enumerated by spot titration. The undiluted lysate was estimated at 108 PFU/mL and six 20 pL
aliquots were spotted onto a lawn of bacterial host to produce high-titer plaques. Agar plugs containing
these plaques were excised, added to 45 mL of fresh host culture, and incubated overnight. Next, the
phage lysate was filtered and serially diluted 10-fold for enumeration by spot titration, which quantified
the final phage titer at 10’ PFU/mL. GeneJET™ Whole Blood Genomic DNA Purification Mini Kit was
used to extract the phage DNA from 1 mL aliquot of the phage stock.

A short-read sequencing library (paired-end, 150 bp) was prepared with the lllumina DNA Prep Kit and
sequenced on an lllumina NextSeq 2000. Illumina DRAGEN was used for adapter trimming. On the BV-
BRC server [6], the obtained reads passed the quality assessment by FastQC (v0.12.1) and quality-
trimmed by Trim Galore (v0.6.5). The reads were de novo assembled by Unicycler (v0.4.8) into a single
contig of size 43,278 bp with coverage of 283x and a GC content of 49.89%. Then, RASTtk was used to
annotate the phage DNA contig, after the pipeline was customized to prioritize phage protein annotation
[7, 8], followed by manual verification and curation on UGENE v52 [9]. Sixty coding sequences were
predicted by Prodigal on RASTtk. After manual verification, two more CDSs (7 and 9) were identified, and
a new start codon was assigned to CDS 8. All start codons were ATG, except for seven CDSs that used
alternative codons (based on translation table 11): GTG, TTG, and ATT.

All predicted coding sequences (62 CDSs) were further analyzed to verify functional assignment by NCBI
BLASTp [10], UniProt BLAST [11], InterProScan [12], and HHpred [13]. No tRNA genes or genes
associated with lysogeny, toxigenicity, or antimicrobial resistance were identified. The phage genome
was oriented to begin with the terminase-encoding genes. Proksee web-based tool was used to visualize
the phage genome annotation (Figure 1).

The predicted virion (capsid and tail) proteins, particularly the major tail protein (CDS 21), tail assembly
chaperones (CDSs 27 and 28), and tail length tape measure protein (CDS 29) had homologs in other
siphoviruses, particularly phages infecting Gram-negative bacteria. Interestingly, the predicted host lysis-
associated genes were not located in a single cassette. The spanin-encoding genes (CDSs 8 and 9, Rz-
and Rz1-like, respectively) overlapped (Figure 2A) and were located at region of 6,860-7,373, while the
two holin- encoding genes (CDSs 54 and 55) and endolysin- encoding gene (CDS 56) were located
elsewhere (40,845-41,884, Figure 3A). The amino acid sequences of the two-component spanin system
were analyzed by Phobius [14], DeepTMHMM [15], and SignalP6 [16] to identify potential transmembrane
domains and signal peptides. These spanins had features of inner (i-) and outer (o-) spanins. The i-
spanin contained an N-terminal transmembrane domain followed by a periplasmic coiled-coil region
(Figure 2B, C), whereas the o-spanin had an N-terminal signal peptide and a lipobox cysteine motif
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(Figure 2D) [17]. The holin sequences were also analyzed by DeepTMHMM, which identified three
transmembrane domains in each protein, consistent with the topology of class I holins (Figure 3B) [18].

It is worth noting that manual verification enhanced the automated genome annotation, even at the
gene-finding level. For example, manual verification allowed the adjustment of the start codon of CDS 8.
Shifting the start of that open reading frame (ORF) by two codons upstream within the same reading
frame resulted in a more confident transmembrane topology consistent with the Rz-like (i-) spanin
structure (Figure 2B-C). UGENE ORF finder was also used to find missing CDS (i.e., gap filling), guided by
the clinker genome alignment [19] and the comparison of phage vB_SenS_Horemheb gene clusters with
closely related RefSeq phage genomes (Figure 4). Two other CDS were missed by automated gene
finders: one encodes for a hypothetical protein (CDS 7) and the other encodes for an Rz1-like (0-) spanin
(CDS 9). In addition, InterPro Scan analysis identified intein domains in two CDSs (5 and 38)-encoded
proteins (Figure 5).

Finally, for phage taxonomy, TaxMyPhage [20] assigned vB_SenS_Horemheb as a new species within the
genus Jerseyvirus, family Sarkviridae. With the potential discovery of more members of that genus, this
taxonomic placement will be further confirmed.

Two different annotated versions of vB_SenS_Horemheb genome, RASTtk-generated and manually
curated, are compared to one another and to the phage’s closest RefSeq relatives (identified by BLASTn
with a coverage threshold > 85% and identity threshold > 90%). Arrows indicate predicted CDSs and their
direction of transcription. Homologous genes (defined with a clustering threshold of 0.3) have matching
colors. Genes with higher sequence similarity (threshold = 0.95) are connected with shaded surfaces.
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database (GenBank) under accession number PZ583544 and the raw reads under Sequence Read
Archive (SRA) accession number SRR38004690.
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Figure 1

Genome map of Salmonella phage vB_SenS_Horemheb.

Proksee-generated circular genome map of Salmonella phage vB_SenS_Horemheb. Predicted coding
sequences are represented on the outer ring and categorized according to PHROGs functional
categories. The middle and inner rings represent the genome’s GC content (baseline, 0.5) and GC skew
(baseling, 0), respectively.
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Figure 2

Genomic organization and predicted topology of the spanin-encoding region of Salmonellaphage
vB_SenS_Horemheb.

(A) Genomic organization of the predicted spanin region visualized on UGENE. The nucleotide sequence
below the map indicates the ribosome-binding sites (RBS) and start codons of ORF A, which was
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predicted by automated annotation, and ORF B, which was manually identified as an alternative
candidate ORF for CDS 8. (B, C)Phobius-based topology predictions of the encoded proteins from the
candidate ORFs (A and B), respectively. The probability of membrane localization is plotted on the y-axis,
while the amino acid positions are plotted on the x-axis=. (D) SignalP 6 prediction of the CDS 9-encoded
protein, in which each type of signal peptides is plotted with a different color. Abbreviations: Sec/SPII,
Sec-dependent lipoprotein signal peptide cleaved by signal peptidase II; n, N-terminal region; h,
hydrophobic region; cys, conserved cysteine/lipobox region; CS, cleavage site; OTHER, region not
assigned to a signal peptide.
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Figure 3

Genomic organization of holin—endolysin encodingcassette and the predicted transmembrane topology
of the identified holins.

(A)Genomic organization of the predicted lysis cassette visualized was using UGENE, and it contained
two holin-encoding genes, CDS 52 and CDS 53, followed by the endolysin-encoding gene, CDS 54. (B, C)
DeepTMHMM topology plots for the proteins encoded by CDS 52 and CDS 53, respectively. The upper
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plots show the most likely membrane topology, and the lower plots show posterior probabilities across
the amino acid sequence. The y-axis indicates the prediction probability, and the x-axis indicates amino
acid positions.
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Figure 4

Clinker gene cluster comparison of Salmonea phage vB_SenS_Horemheb and closely related RefSeq
phages.
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Figure 5

InterProScan domain predictions of proteins containing intein-related features in Salmonellaphage
vB_SenS_Horemheb.

(A, B) InterProScan graphical outputs for CDS 5 and CDS 38 encoded proteins, respectively.
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