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ABSTRACT A potentially therapeutic Twort-like myophage, Esa1, with specificity to-
ward Staphylococcus aureus was isolated from lake water. We report the complete
genome sequence of ESa1, assembled using both MinION and Illumina MiSeq reads,
consisting of 153,106 bp, with 30.3% GC content, 253 protein coding sequences, 4
tRNAs, and 10,437-bp direct terminal repeats.

Staphylococcus aureus is an important human pathogen prone to methicillin resis-
tance that limits treatment options (1, 2). Bacteriophages (phages) have been

effective against S. aureus infections in animals and humans (3). Here, we report the
complete genome sequence of phage ESa1, isolated from lake water in Frederick, MD,
using S. aureus strain MRSN 8383 for enrichment. Eight milliliters of water sterilized by
filtration through a 0.22-�m membrane was mixed with 2 ml of 5� heart infusion broth
(HIB; Becton, Dickinson and Co., Franklin Lakes, NJ) and 50 �l of bacterial culture grown
in 1� HIB for 16 h at 37°C with shaking at 200 rpm. The mix was incubated for 16 h at
37°C in a shaking incubator at 200 rpm. Bacterial debris was removed by centrifugation,
and the supernatant was filter sterilized. Serial 10-fold dilutions in sodium chloride-
magnesium sulfate (SM) buffer (Teknova, Hollister, CA) were spotted onto double-layer
(0.7% top/1.5% bottom) HIB agar containing 100 �l of overnight S. aureus MRSN 8383
culture in the top semisolid agar layer. The next day, confluent lysis spots and single
phage plaques were observed. A well-isolated phage plaque was picked up with a
micropipette tip and suspended in SM buffer, and the phage suspension was filter
sterilized.

Phage ESa1 was purified by three rounds of single plaque isolation. The final plaque
suspension was used for phage propagation by adding it to 150 ml of an early-
exponential-phase culture of S. aureus MRSN 8383 in HIB at a multiplicity of infection
of 0.01 and incubating it for 6 h at 37°C with shaking at 200 rpm. Lysis was completed
by adding chloroform to a final concentration of 5% (vol/vol). Bacterial debris was
removed by centrifugation for 15 min at 5,000 � g; phage was concentrated by cen-
trifugation for 4 h at 13,000 � g and resuspended in SM buffer in 1/100 of the original
volume (4). Phage genomic DNA was isolated by removal of host RNA and DNA using
RNase A and DNase, deproteinization using Proteinase K, and SDS treatment at 56°C,
purification by phenol-chloroform extraction, overnight precipitation with ethanol at
�20°C, and centrifugation and resuspension in nuclease-free water as previously
described (4).

The complete genome of ESa1 was determined using MinION and Illumina MiSeq
sequencing. Illumina sequencing libraries were prepared using a NEBNext Ultra II library
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preparation kit and sequenced with a 300-cycle SP reagent kit on a NovaSeq 6000 using
the Xp workflow (Illumina, San Diego, CA, USA), generating 40,811 paired-end reads
with 12 million bases. Default parameters were used for all software unless otherwise
specified. Quality control of reads was done with FastQC v0.11.7 (https://www
.bioinformatics.babraham.ac.uk/projects/fastqc/), and trimming was performed using
Trimmomatic v0.32 (5) with the following settings: ILLUMINACLIP, TruSeq3-PE-2.fa:2:
30:10; LEADING, 3; TRAILING, 3; SLIDINGWINDOW, 4:24; and MINLEN, 60. MinION
sequencing libraries were prepared using the rapid barcoding kit (SQK-RBK004) and
sequenced using a MinION R9.4 flow cell (Nanopore, Oxford, UK), which generated 694
reads with an N50 value of 14,765 bp. Base calling was performed live during sequenc-
ing with MinKNOW v3.4.8 in fast mode with Guppy v3.0.7 (Nanopore) integrated. These
reads were demultiplexed and trimmed using Porechop v0.2.3 (6). The Unicycler v0.4.7
(7) pipeline was used for hybrid de novo assembly of Illumina and MinION reads. The
average depths of read coverage for the final assembly, calculated using Geneious
v10.0.9, were 12.5� and 82.22� for MinION and Illumina reads, respectively. Assembly
errors were corrected using Pilon v1.22 (8). Annotation was performed using the RAST
server (9). tRNA genes were predicted using ARAGORN v1.2.38 (10) and tRNAscan-SE
v2.0 (11).

The ESa1 genome is 153,106 bp long with a GC content of 30.3%, 253 protein-
coding sequences, and 4 tRNAs. PhageTerm (12) detected direct terminal repeats of
10,437 bp. A Web-based MegaBLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) search
indicated that ESa1 has 96.7% and 96.2% nucleotide identities over the whole genome
to S. aureus phages JD007 (GenBank accession number JX878671) and Maine (GenBank
accession number MN045228), respectively. Similar to these previously identified
phages, the genome sequence of ESa1 contains long terminal repeats and lacks GATC
sequences and thus Sau3AI, BamHI, PvuI, and DpnI sites (13–15). ESa1 is a Twort-like
myophage and appears to belong to the family Herelleviridae, subfamily Torovirinae,
and genus Kayvirus (https://talk.ictvonline.org/taxonomy). Genome analysis revealed
the presence of one intron-like sequence (pol-I2) in a DNA polymerase gene. Whole-
genome alignments and RepeatFinder (http://www.cbcb.umd.edu/software/
RepeatFinder/) did not reveal a locus similar to a putative host range determinant,
complex repeat region 2 of Sb-1, another Twort-like myophage (4). Like other Twort-like
viruses (15), ESa1 is a broad-host-range lytic phage and a promising therapeutic
candidate.

Data availability. The phage ESa1 genome sequence was submitted to GenBank
under accession number MT554104. The associated BioProject, SRA, and BioSample
accession numbers are PRJNA632562, SRP261805, and SAMN14912224, respectively.
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