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Abstract: There is widespread interest in using obligately lytic bacteriophages (“phages”) to treat
human bacterial infections. Among Staphylococcus aureus infections, the USA300 lineage is a frequent
cause of invasive disease. We observed that phage K, a model S. aureus myophage, exhibits temper-
ature-sensitive growth on USA300 strains, with the wild-type phage providing poorer growth sup-
pression in broth and forming smaller and fainter plaques at 37 °C vs. 30 °C. We isolated 65 mutants
of phage K that had improved plaquing characteristics at 37 °C when compared to the parental
phage. In all 65 mutants, this phenotype was attributable to loss-of-function (LoF) mutations in
gp102, which encodes a protein of unknown function that has homologs only among the Herelleviri-
dae (SPO1-like myophages infecting gram-positive bacteria). Additional experiments with repre-
sentative mutants consistently showed that the temperature-sensitive plaque phenotype was spe-
cific to USA300 MRSA strains and that Gp102 disruption was correlated with improved suppression
of bacterial growth in broth and improved antibacterial activity in a mouse model of upper respir-
atory tract infection. The same genotype and in vitro phenotypes could be replicated in close rela-
tives of phage K. Gp102 disruption did not have a detectable effect on adsorption but did delay cell
culture lysis relative to wild-type under permissive infection conditions, suggesting that gp102 con-
servation might be maintained by selective pressure for more rapid replication. Expression of gp102
on a plasmid was toxic to both an MSSA and a USA300 MRSA strain. Molecular modeling predicts
a protein with two helix-turn-helix domains that displays some similarity to DNA-binding proteins
such as transcription factors. While its function remains unclear, gp102 is a conserved gene that is
important to the infection process of Kayvirus phages, and it appears that the manner in which
USA300 strains defend against them at 37 °C can be overcome by gp102 LoF mutations.

Keywords: bacteriophage; Staphylococcus aureus; temperature-sensitive; phage k; USA300;
phage-host interactions

1. Introduction

There is widespread interest in using obligately lytic (i.e., non-temperate or non-lys-
ogenic) bacteriophages to treat human bacterial infections, particularly infections that do
not readily respond to antibiotics due to either inherent resistance, acquired resistance
genes, or other factors that facilitate bacterial survival such as biofilms or high bacterial
inoculum [1,2]. Much of this interest is focused on the six ESKAPE pathogens (Enterococ-
cus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomo-
nas aeruginosa, and Enterobacter spp), all of which exhibit concerning levels of antibiotic
resistance around the world. Our lab is investigating the genetic factors that affect inter-
actions between S. aureus and its phages.
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Among the lytic S. aureus phages, the myophages with dsDNA genomes ca. 140 kb
are frequently considered for therapeutic applications (reviewed by [1]). These phages
currently include two genera, Kayvirus and Silviavirus [3]. Phage K is widely treated as a
model phage for the Kayvirus genus. One notable phenotype of phage K is that, while it
forms clear, 1-2 mm diameter plaques on many S. aureus strains when grown at 30 °C,
plaque formation can be much poorer at 37 °C. When incubated at 37 °C on some S. aureus
strains, phage K forms small, faint plaques whose visibility can be media-dependent. In
the course of two separate projects, we collected a large number of phage K mutants that
form larger, clearer plaques than the parent phage when plated at 37 °C on two USA300
strains. Upon sequencing the mutants, we discovered that all of them carried apparent
loss-of-function (LoF) mutations in the same gene of unknown function,
CPT_phageK_gp102 (per NCBI RefSeq genome NC_005880).

Even in well-studied phages such as K, the functions of more than half of the pre-
dicted genes are often unknown [4,5]. As the ease, affordability, and performance of ge-
nomic sequencing have improved, the pace of phage gene discovery has exceeded the
pace of functional characterization. Some progress has been made by employing screens
for protein—protein interactions [6-8], for the effects of phage gene expression on host cells
[8,9], or for essential phage genes using classical gene deletion methods [10]. However, all
of these screening methods still require extensive gene-specific follow-up. The prevalence
of phage ORFans, genes of unknown function that are only found in a few closely related
phages [11], also means that many results of such functional studies are not broadly gen-
eralizable.

Our serendipitous discovery of a genotype—phenotype association involving phage
K gp102 led us to study this gene in detail. We tested the effects of selected gp102 muta-
tions on the phage’s ability to suppress S. aureus growth in broth and to reduce S. aureus
counts in the airways of chronically colonized mice. Overall, we found that loss of gp102
function was correlated with increased phage K activity in broth and in vivo, and we rep-
licated the in vivo findings in four closely related phages. Phage adsorption was not af-
fected. However, under permissive infection conditions, phage K with wild-type gp102
had a growth advantage, lysing the host faster; gp102 loss-of-function mutations were
only an advantage under the non-permissive condition in which wild-type phage K was
relatively ineffective. Separately, RNA-Seq experiments showed that gp102 transcription
occurs early in phage infection, and molecular modeling suggested structural similarities
to proteins involved in DNA-binding and transcriptional regulation. These structural
comparisons are preliminary, but they suggest hypotheses that we plan to test in future
studies. While we are currently unable to propose a molecular model of gp102 action, it is
clear that this gene is broadly conserved among the K-like phages. We hypothesize that
conservation of functional gp102 might be maintained by selection for more rapid cell lysis
and that loss-of-function mutants might have an advantage only on USA300 strains.

2. Methods
2.1. Bacteria and Bacteriophages

Phage K and its growth host, ATCC 19685 were originally obtained from the Ameri-
can Type Culture Collection. Phage 812 and its growth host, HER#1475, were obtained
from the Felix d’Herelle Reference Centre in Laval, Quebec. Three additional phages re-
lated to K were isolated from commercially obtained samples of Eliava BioPreparations
products Intesti, Fersisi, and Staphylococcal Bacteriophage. Isolates were subjected to at
least three rounds of single-plaque purification, followed by propagation on S. aureus
ATCC 19685.

S. aureus strains were obtained from a variety of sources (Table S2). Derivatives of S.
aureus LAC containing clean, in-frame deletions of potA, potB, potC, or potD were gener-
ated by allelic exchange as previously described [12,13] and confirmed by PCR and se-
quencing. Those genes were targeted after a screen of the Nebraska S. aureus transposon



Viruses 2023, 15, 17

3 of 22

library indicated their involvement in phage K resistance. Plasmid constructs were pre-
pared by GenScript USA (Piscataway, NJ, USA).

2.2. Phage Production and Quantification

Plaque assays were conducted by combining 100 pL of overnight bacterial broth cul-
ture with molten overlay agar at 50 °C and pouring over agar plates (3 mL overlay for 90
mm round plates or 6 mL overlay for 100 mm square plates). For full-plate titers, an ali-
quot of phage dilution was included in the molten overlay before pouring. For spot titers,
aliquots of multiple phage dilutions were dropped on top of the solidified agar overlay.
Phage titers were calculated based on the volume and dilution factor of the aliquot that
produced discrete, countable plaques.

Plate lysates were produced using the method described for full-plate titers, except
using the phage dilution that generated near-confluent or just-confluent lysis. Phages
were then collected by diffusion into broth or SM buffer and passed through a 0.22 pm
filter to remove bacterial and agar debris. Broth lysates were produced by inoculating
sterile broth with ATCC 19685 (GHT mutants; growth at high temperature) or the
LACApot strain on which they were initially isolated (GHTP mutants: growth at high tem-
perature on pot gene deletions) and incubating at 30 °C, 200 rpm. When cell density
reached ODs of approximately 0.3, phage was added to achieve an approximate initial
PFU:CFU ratio between 0.1 and 1. After the culture visibly cleared, between 5 h and 20 h
later, lysates were harvested by centrifugation and 0.22 pm filtration. All lysates were
stored at 4 °C.

2.3. Isolation of Phage K Mutants

The GHT mutants were isolated by plating phage K on NRS384 using tryptic soy
broth (TSB), adding 1.5% agar for plates and 0.5% agar with 5 mM calcium chloride for
overlays. Well-isolated clear plaques that formed after overnight incubation at 37 °C were
picked into broth and single-plaque purified twice more.

To isolate the GHTP mutants, phage K was plated on ATCC 19685 using heart infu-
sion broth (HIB), adding 1.5% agar for plates and 0.7% agar for overlays. Six well-isolated
plaques were picked into 0.5 mL SM buffer to create genetically independent parent stocks
(named K1 through K6) for subsequent mutant isolation. Serial dilutions of each parent
stock were plated on LACApotA, LACApotB, LACApotC, and LACApotD, at 37 °C. From
each combination of phage K parent stock and plating host, up to three clear plaques (sim-
ilar to those produced by K on ATCC 19685) were picked into SM buffer. Each mutant
phage isolate was plaque-purified a total of three times before making a plate lysate and
then a broth lysate. Each mutant isolate was titered on LAC and on its four pot gene dele-
tion derivatives using the spot titer method. No allele specificity was observed, i.e., the
plaquing phenotype of a given phage on the four pot mutants was the same, regardless of
which pot gene deletion had been used to isolate it. Therefore, whole genome sequencing
was carried out for one GHTP mutant per combination of phage K parent stock and plat-
ing host (n = 24).

2.4. Frequency of gp102 Mutations

Phage K was plated on ATCC 19685 using HIB agar. Four well-isolated plaques were
picked into 0.6 mL SM buffer to create independent parent stocks as biological replicates.
Using the full-plate titer method, each stock was plated on ATCC 19685, LAC, LACApotA,
LACApotB, LACApotC, and LACApotD, at 37 °C. The frequency of plaques resembling
those produced by K on ATCC 19685 was calculated as a proportion of each stock’s titer
on ATCC 19685.
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2.5. Phage Sequencing and Analysis

Four GHT mutants and twenty-four GHTP mutants were subjected to whole genome
sequencing. Phage genomic DNA was isolated by treating filtered broth lysates with nu-
cleases to remove bacterial DNA, followed by proteinase K treatment and isolation of the
phage DNA using either the Promega Wizard kit (Promega Corporation, Madison, WI,
USA; used for GHT mutants) or organic extraction and salt-ethanol precipitation (for
GHTP mutants). NexteraFlex genomic libraries were prepared using 5 cycles of PCR and
sequenced using Illumina MiSeq (PE150 reads). Quality-filtered reads were assembled to
the phage K reference sequence (NC_005880) using Geneious. Base variants having > 10%
frequency were called using the native Geneious variant caller. Since LTR boundaries are
prone to mapping errors, low-frequency (<30%) and/or high strand-bias (>75%) variants
in these regions were discarded.

For the remaining GHTP mutants, gp102 and its upstream region were amplified by
PCR and sequenced by Eurofins. PCR reactions used Phusion polymerase (New England
Biolabs, Ipswich, MA, USA) with an annealing temperature of 64 °C for primers 5'-GAC-
CAAGAAAAAGATGTTGC-3" (gpl02A) and 5-CTACTTCAGGTTCTTCAGGAG-3'
(gp102D). The same primers were used for amplicon sequencing following purification
using the QIAquick PCR purification kit (QIAGEN Sciences, Germantown, MD, USA).

Whole-genome sequencing of phages and gp102 sequencing of their mutants were
conducted as described above, except that PCR-free genomic libraries were used when
sufficient DNA was available. Direct terminal repeats were identified from either the
MiSeq read data (if a PCR-free library was used) or based on sequence similarity. To sup-
port visual comparison of these genomes with phage K, the Geneious live annotate func-
tion was used to transfer gene annotations from NC_005880 if there was a minimum 70%
nucleotide similarity.

2.6. Bacterial Sequencing and Analysis

Table S2 lists the source of genome information for most S. aureus strain sequences.
In addition, we sequenced strains for which no sequence data were publicly available or
when we wished to confirm the sequence of our local stock. Briefly, we purified genomic
DNA via lysis with lysostaphin (20 U per 100 puL of washed and resuspended cells) and
organic extraction (25:24:1 buffered phenol:chloroform: isoamyl alcohol, followed by 24:1
chloroform:isoamyl alcohol) [14]. PacBio sequencing and genome assembly was con-
ducted by the University of Maryland School of Medicine Institute for Genome Sciences.
Strain characteristics were evaluated using MLST v1.6, spaTyper v1.0, SCCmecFinder
v1.2, and VirulenceFinder 2.0 as hosted by the Center for Genomic Epidemiology
(https://cge.food.dtu.dk/). We defined USA300 as strains that are known to have either (i)
the USA300 PFGE profile or (ii) all of the following genetic traits: ST8, SCCmec type IVa,
and positive for the Panton—Valentine leukocidin genes (PVL+) [15-17]. In all but one case,
these strains were also Ridom spa type t008, which is tightly, but imperfectly, correlated
with the USA300 lineage [15,16].

2.7. Bacterial Growth Suppression in Broth

Growth suppression assays were run in 96-well, U-bottom, non-tissue culture-
treated plates. Each well initially contained approximately 3 x 106 CFU and 2 x 105 PFU.
Growth curves were run in a BioTek Cytation3 plate reader using a discontinuous kinetic
program in which ODew readings were collected every 15 min for 24 h, while plates were
maintained at either 30 or 37 °C with orbital shaking between OD readings.

2.8. Bacterial Killing in Broth

Bacterial killing assays were run in 250 mL Erlenmeyer flasks. Twelve flasks (six per
strain) were inoculated with 100 uL of a 16 h culture of either ATCC 19685 (MSSA) or
NRS384 (USA300), then incubated with 200 rpm shaking. When the bacterial control flasks
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reached ODew = 0.3, a 1 mL sample was removed from each flask for precise measurements
of both ODew and CFU counts prior to phage addition. For five flasks per S. aureus strain,
1 mL of 5 x 108 PFU/mL phage was added to each flask, for a target initial PFU:CFU ratio
of 0.1. The flasks were swirled to mix and a 1 mL sample was removed from each, passed
through a 0.22 um syringe filter, and stored at 4 °C for later PFU quantification. Every
hour after phage addition for 5-6 h, a 1 mL sample was collected from each flask for ODeoo
measurement followed by filtration and storage for PFU counts; a final sample was col-
lected approximately 21 h after phage addition. In total, the experiment was run twice
each at 30 °C and 37 °C.

2.9. Molecular Modeling

HHPred (https://toolkit.tuebingen.mpg.de/tools/hhpred; version 14 July 2022; [18])
was run with default parameters, using the 147 amino acid sequence of phage K Gp102 as
query. The full model of AlphaFold v2.0.1 was downloaded (https://github.com/deep-
mind/alphafold/) and run on a local HPC cluster [19]. The resulting PDB files were used
as query structures in DALI [20]. Searches were conducted against the 22 March 2022 ver-
sion of the PDB90 database, which is a non-redundant subset of proteins that have <90%
sequence identity with each other, and against the database of S. aureus proteins, which is
based on AlphaFold2 predictions. Results with Z scores better than 4 were manually fil-
tered to exclude visually obvious errors in overall alignment.

2.10. Adsorption Assays

S. aureus strains were grown in 25 mL TSB at either 30 °C or 37 °C, with shaking at
200 rpm. Upon reaching an ODso of 0.5-1.0, 5 mL of these log-phase bacteria were har-
vested by 10 min centrifugation at 4500 g, then resuspended in 0.9 mL of fresh TSB in
microcentrifuge tubes. 100 uL of a known concentration of phages between 106 and 107
PFU was added to each resuspended bacteria sample and to a bacteria-free control tube.
The tubes were then incubated at 30 °C or 37 °C with shaking at 120 rpm. At 5 min inter-
vals, 200 uL samples were transferred to pre-chilled microcentrifuge tubes, briefly vor-
texed, and immediately centrifuged for 10 min at maximum speed at 4 °C. The number of
free phages in the supernatant at each time point were quantified using the spot titer
method. The percentage of free (unadsorbed) phages was calculated relative to the plaque
counts obtained from a bacteria-free control tube that was processed in parallel at 0 min.

2.11. Animal Experiments

A murine model of upper respiratory tract decolonization was established in 8-
week-old female BALB/c mice (Jackson Laboratories). Briefly, an S. aureus overnight cul-
ture in TSB was twice spun down and resuspended in PBS. Approximately 107 CFU of S.
aureus NRS384 (USA300 MRSA) in PBS were then delivered intranasally on Day 0. In col-
onization experiments, mice were euthanized 1, 2, 8, or 12 days after bacterial inoculation
(n =5 per time point). In treatment experiments, animals (n = 5 per group) were treated
with either phage (10°-10'° PFU total) or saline, delivered both intranasally and intraperi-
toneally to each animal five times, twice each on days 7 and 8 and once on the morning of
day 9; mice were sacrificed on the afternoon of day 9. For CFU and PFU counts, the turbi-
nates, nasal vestibule, and hard palate of each mouse were excised, homogenized in PBS,
and promptly dilution-plated on TSA. Little or no evidence of phage activity was ob-
served on the CFU count plates, suggesting that ex vivo killing of bacteria by phages did
not substantially impact experimental results.

2.12. gp102 Expression

The gp102 open reading frame was cloned into the pT104 plasmid under the control
of an arsenite-inducible promoter. The pT104 plasmid was described by Liu et al. [9] and
obtained from Gail Christie. ORF synthesis, cloning, and addition of a chloramphenicol
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resistance marker were conducted by GenScript (Piscataway, NJ, USA). The plasmid was
transformed into S. aureus RN4220 and NRS384 by electroporation [21]. Transformants
were isolated on TSA plates containing 10 pug/mL chloramphenicol. Three transformant
colonies of each strain were transferred into TSB containing 10 pg/mL chloramphenicol
and grown overnight at 37 °C, 200 rpm. Serial dilutions were replica-spotted onto TSA
with or without 5 pM NaAsOz, and incubated overnight at either 30 °C or 37 °C.

3. Results
3.1. Isolation and Identification of Phage K gp102 Mutants

Our lab routinely grows phage K on S. aureus strain ATCC 19685. When plated on
this and many other strains using the double agar overlay technique, phage K forms clear,
1-2 mm diameter plaques. However, when using tryptic soy agar (TSA), our phage K
laboratory stock plaques on S. aureus strains NRS384 and LAC only when incubated at 30
°C, not 37 °C. We obtain better plaque visualization when using heart infusion agar
(HIBA) instead of TSA. However, even on HIBA, phage K forms very small, faint plaques
on NRS384 or LAC when incubated at 37 °C; we also confirmed an observation from our
previous transposon library screening, in which the deletion of any of the potABCD genes
from LAC further inhibits plaque formation (Figure 1A). Using two different selection
methods, we isolated 65 clear plaques under conditions where the parental phage K did
not produce clear plaques. One set of four such isolates was obtained when phage K was
plated on NRS384 using TSA and 37 °C. We have called these GHT mutants (growth at
high temperature). A second set of 61 isolates was obtained when phage K was plated on
LACApotA, LACApotB, LACApotC, or LACApotD using HIBA and 37 °C. We have called
these GHTP mutants (growth at high temperature on pot deletions).
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Figure 1. Gp102 loss-of-function mutations in phage K result in larger, clearer plaques and better
growth suppression under non-permissive culture conditions (growth at 37 °C on LAC). (A) 10-fold
dilution series of wild-type (WT) K and two gp102 loss-of-function mutants. On the permissive host,
growth of wild-type K is not temperature-sensitive (blue boxes). On the non-permissive hosts, the
effects of temperature and deletion of polyamine transporter components (red boxes) are additive,
further reducing plaque formation (gold box) unless gp102 function is impaired. (B) 24 h bacterial
growth curves in 96-well plates show the differential abilities of wild-type phage K and various
types of gp102 loss-of-function mutants to suppress growth of permissive and non-permissive S.
aureus strains. Each well initially contained approximately 3 x 10° CFU and 2 x 10° PFU.

Given the different circumstances of isolation, we were surprised that all 65 isolates
contained mutations in the same gene, gp102 (per NCBI RefSeq genome NC_005880) (Ta-
ble S1). In total, the 65 isolates represent 31 distinct mutations at 29 positions within gp102.
Many of the mutations are clearly loss-of-function mutations, such as nonsense mutations
that would lead to truncated proteins or serious disruptions of the promoter or ribosome-
binding sequences that would impair or abolish gene expression. Based on their similar
phenotype, we infer that the missense mutations in our collection are also loss-of-function
mutations, even though they are predicted to encode full-length proteins. For most of the
28 mutants subjected to whole genome sequencing, the gp102 mutations were the only
genetic differences from the parent stock; there were only four isolates in which a second
mutation was observed elsewhere in the phage genome, and each was in a different gene.
Given the consistency of gp102 mutations, we concluded that our observed phenotype is
attributable to gp102 loss-of-function.
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Many mutations were isolated more than once. In such cases, we have noted which
mutants can confidently be considered genetically independent. To determine the fre-
quency at which these mutations arose, we picked single plaques of phage K from a lawn
of ATCC 19685 into a small volume of buffer, then diluted and plated the suspended
plaques on both the permissive and non-permissive hosts at 37 °C. Each plaque pick con-
tained between 1 x 106 and 1 x 107 PFU. The efficiency of plating of parental phage K was
slightly, but statistically significantly, lower on LAC than on 19685 (-0.40 logi1oPFU/mL, p
= 0.003, nn = 4). The relative frequency of gp102 loss-of-function mutations causing clear
plaques on the four LACApot deletions was thus calculated to be 1.7 x 104

3.2. In Vitro Antibacterial Phenotypes of Phage K gp102 Mutants

Because the various GHT and GHTP mutants were isolated on different bacterial
strains, we used dilution spot tests to screen for any obvious differences in their host
ranges. Regardless of which pot gene deletion strain was used to isolate each mutant, all
GHTP mutants had equivalent efficiencies of plating on the LAC parental strain and on
each of LACApotA, LACApotB, LACApotC, and LACApotD. Similarly, GHT-2 and GHTP-
5D1 had equivalent host ranges and efficiencies of plating on 76 distinct strains of labora-
tory and clinical S. aureus and six strains of non-aureus staphylococci species (data not
shown).

We selected a subset of the gp102 mutants to characterize in more detail (Table 1).
These mutants were selected to represent a range of effects on gene expression while all
being isolated from the same parental lysate. They include deletion of a consensus pre-
dicted -35 promoter region, alteration of the ribosome binding site (RBS) (changing
AAGGAG to AAAGAG), a nonsense mutation that is expected to yield a 52-amino acid
protein instead of a 147-amino acid protein, and two different missense mutations that
occur in a similar location as the nonsense mutation. The two missense mutations were
each independently isolated at least five times, suggesting that this region is important for
protein activity.

Table 1. Phage K gp102 mutants used for detailed phenotypic characterization.

Genetic Change !
Phage K Location in Genome Predicted Effect on
Isolate (Location Relative to CDS Change Gp102
ORF)
K22 120766...121209 (1...444) None (WT) None (WT)
120721 -TTATGATATAGT . i
CHIP2C3 120732...(—45...-33) (deletion in promoter) Impaired transcription
GHTP-2A1 120753 (-13) G,_> A . Impaired translation
(RBS disruption)
G—-T Truncation after
GHTP-2B2 120922 (157) (ochre mutation) amino acid 52
GHTP-2C1 120926 (161) C—oA A54D
GHTP-2D1 120940 (175) G- A G59R

I All nucleotide and codon numbers are based on NC_005880. For GHTP-2C3, bold text indicates
the -10 and extended —10 sequences in the deleted region of the gp102 promoter. 2 K2 is the paren-
tal plaque pick from which all of the gp102 mutants in this table were derived. The sequence of
gp102 in K2 matches that in NC_005880 and is the wild-type (WT).

Wild-type K and these five representative gp102 loss-of-function mutants were di-
luted and spotted on three categories of S. aureus strains: permissive to phage K growth
at 37 °C (ATCC 19685), less permissive (LAC), and least permissive (LACApotA,
LACApotB, LACApotC, LACApotD). For simplicity, only two gp102 mutants and one of the
LACApot strains are shown in Figure 1A, but results were the same for all tested
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combinations. In keeping with our original observation, wild-type phage K formed clear
plaques on the permissive host (ATCC 19685) regardless of temperature (Figure 1A, blue
boxes). On LAC, wild-type phage K plaques were smaller and fainter when incubated at
37 °C or when any of the pot genes were deleted (Figure 1A, red boxes). The effects of
temperature and pot gene deletions were additive, to the point where no plaques were
visible when wild-type K was plated on LACApot strains at 37 °C (Figure 1A, gold box).
In contrast, all the gp102 loss-of-function mutants had the same plaque phenotype when
grown under both the most and least permissive of these conditions.

Plaque morphology is not the only measure of phage activity, and it does not always
correlate with results obtained in broth cultures [22]. Therefore, the ability of K and the
five gp102 mutants in Table 1 to suppress bacterial growth in broth was also assessed us-
ing 24 h growth curves in 96-well plates (Figure 1B). Bacterial growth was inferred from
optical density at 600 nm. When incubated at 30 °C, wild-type K and all of the gp102 mu-
tants completely suppressed the growth of the permissive (ATCC 19685) and non-permis-
sive (LAC and its derivatives) strains. At 37 °C, each phage’s ability to suppress bacterial
growth in broth was inversely correlated with presumed Gp102 protein activity. The pro-
moter deletion mutant, which presumably produces little or no gp102 mRNA, provided
the best bacterial growth suppression of LAC and its derivatives. The RBS mutant and
ochre mutants, which presumably produce very little protein or a less functional protein
fragment, allowed slightly more growth than the promoter deletion mutant. The two sub-
stitution mutants, which are expected to produce mutated full-length proteins, allowed
more initial bacterial growth but also eventually reduced the density of LAC and its de-
rivatives. In contrast, wild-type phage K provided only partial control of LAC and had no
apparent effect on the growth of LACApotA, LACApotB, LACApotC, or LACApotD. As with
the plaque assay, the inhibitory effects of pot gene deletion and 37 °C incubation on phage
activity were additive.

3.3. In vivo Antibacterial Activity of K and Its gp102 Mutants

In preliminary animal experiments, we tested the ability of both K and GHT-2 to de-
colonize the murine upper respiratory tract (URT) after chronic colonization by USA300
MRSA strain NRS384. In 8-week-old female BALB/c mice, intranasal inoculation with 107
CFU resulted in high levels of nasopharyngeal S. aureus 24 h after inoculation, followed
by stable colonization at ca. 10* CFU/g of tissue between two and twelve days post-inoc-
ulation, which was the last time point tested (Figure 2B). Mice treated with phage K by
simultaneous intranasal and intraperitoneal administration had URT bacterial loads
equivalent to mice treated with PBS. In contrast, mice treated with phage GHT-2 did not
have detectable bacteria in the nasopharynx (limit of detection 1 x 102 CFU/g) (Figure 2C).
The absence of detectable phage activity on plates and the equivalent bacterial counts in
the PBS and phage K treatment groups indicate that these bacterial counts reflect actual
populations in the mice and have not been affected by ex vivo phage activity in the col-
lected samples. The experiment directly comparing phage K and GHT-2 was conducted
twice, with similar results.
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Figure 2. A Gp102 loss-of-function mutation was required for phage K to clear S. aureus NRS384
from the mouse upper respiratory tract in a chronic colonization model. (A) Timeline of the infection
model. (B) Bacterial burden in the mouse upper respiratory tract when untreated. (C) Effect of treat-
ment with wild-type phage K, the GHT-2 mutant (gp102 RBS is mutated), or the vehicle control
(PBS, phosphate-buffered saline). Dotted horizontal lines in panels B and C reflect 10 CFU/g and
100 CFU/g detection limits, respectively.

3.4. Correlation of gp102-Mediated Temperature-Sensitivity with S. aureus Lineage

We originally observed temperature sensitive growth of phage K on two USA300 S.
aureus strains: LAC and NRS384. In order to understand whether this was a coincidence
or a true correlation, we reviewed previously collected host range data in which GHTP-
5D1 and its wild-type parent (K5), along with GHT-2, were screened for plaque formation
at 37 °C on more than 70 unique S. aureus strains (data not shown). There were 51 strains
on which both wild-type K and the gp102 mutants formed plaques. All of the strains on
which wild-type K formed much smaller, fainter plaques than the gp102 mutants were
USA300 strains (Table S2). All of the strains on which there was no difference in plaque
morphology between wild-type K and the gp102 mutants were not USA300. There was
one non-USA300 strain on which the reverse occurred, with the gp102 mutants forming
smaller fainter plaques than wild-type K. On any given S. aureus strain, however, the effi-
ciencies of plating for wild-type K and the gp102 mutants were similar (within 0.5
log1[PFU/mL] for 48 of 51 strains, data not shown), regardless of plaque morphology.

To confirm that this correlation held for both the plaquing phenotype and phage ac-
tivity in broth, we selected ten each of the USA300 and non-300 strains from Table S2 and
generated 24 h growth curves in the presence of K and the five representative gp102 mu-
tants from Table 1. Similar to Figure 1, phage activity was affected by both S. aureus line-
age and gp102 sequence at 37 °C (Figure 3) but not at 30 °C (data not shown). At 37 °C,
phage K failed to fully suppress growth of USA300 strains and increasing disruption of
the Gp102 protein led to increasing growth suppression (Figure 3A). Among the non-
USA300 strains, the ability of phage K to suppress bacterial growth varied by strain, but
for 9 of 10 strains, that antibacterial activity was not improved by any of the gp102 loss-of-
function mutations (Figure 3B). The one non-USA300 strain in which gp102 mutations did
improve growth suppression was MW2, which is a USA400 strain that, like USA300, is
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PVL+ and SCCmec type IV. It is unknown whether these specific factors are causally re-
lated to the gp102-associated phenotype.
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Figure 3. Effect of phage K gp102 mutants on growth of additional S. aureus strains in broth. (A)
USAB300 strains at 37 °C. (B) Non-USA300 strains at 37 °C.

3.5. Effect of gp102 Mutations in Other Kayvirus Phages

The nucleotide sequence of gp102 and its homologs is highly conserved within the
Kayvirus genus (Figure S1). We selected four phages having genes identical to gp102 of
phage K. We easily isolated gp102 mutants by plating those phages on LACApotD at 37 °C
(our least permissive condition) at a dilution 4 orders of magnitude more concentrated
than the dilution that gave well-isolated plaques on that phage’s regular growth host. Up
to three large, clear plaques were picked from those plates and serially passaged twice
more on LACApotD at 37 °C to ensure isolation of clonally pure samples. We amplified
and sequenced gp102 and its flanking regions using the same primers as were used for the
GHT and GHTP mutants of K. Most are predicted to be truncation mutants, with one
substitution mutant (G59R) recapitulating a mutation that we isolated multiple times in
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phage K (Figure 4A). The genomes of the four parent phages are very similar (Figure 4B).
As with phage K, apparent loss-of-function mutations in gp102 of these four phages led to
better growth suppression of non-permissive strains relative to the wild-type parent

phages (Figure 4A).
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Figure 4. Four Kayvirus phages that have gp102 homologs identical to K show the same temperature-
sensitive plaquing and growth suppression phenotypes on USA300 strains. As with K, this pheno-
type could be suppressed by loss-of-function mutations in the gp102 homolog. (A) Effect of these
gp102 mutations on phage activity in broth at 37 °C. Gp1021.91¢6) indicates a frameshift in codon 92
that creates a downstream stop codon; the protein therefore consists of the first 91 amino acids of
Gp102 plus 6 others not usually encoded. (B) Intergenomic similarity of the single-copy genomes of
parent phages from A, using Mauve. The large blocks of pink indicate nucleotide-level identity
among all five phages; red dips and large white gaps indicate regions where the phage genomes
differ. Genomes from top to bottom are K (NC_005880), 812 (MH844528), Intestil3, EStl, and
FER_p2. To aid visual comparison, gene annotations were transferred from K onto Intestil3, ESt1,
and FER_p2 if there was at least 70% nucleotide similarity. The gp102 homologs are marked by the
blue asterisk.

3.6. Effects of gp102 Mutations on Phage Infection Cycle

Our previous observation that all GHTP mutants had equivalent efficiencies of plat-
ing on USA300 and non-USA300 strains, regardless of plaque morphology, suggests that
major adsorption defects are not involved. We confirmed this by directly testing adsorp-
tion rates for the parental stock of K and GHT-2 on MSSA strain ATCC 19685 and on
USA300 strain NRS384. There were no differences in adsorption rate based on either
phage type or host strain (data not shown). However, it is possible that later stages of the
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phage lytic cycle are affected, since both burst size and lysis timing are expected to affect
plaque size [23].

In larger broth cultures, when the same two S. aureus strains were allowed to reach
approximately 1 x 108 CFU/mL before phage addition, phage K with wild-type gp102 (K2)
reduced the density of S. aureus faster than any of the GHTP mutants under the three
permissive conditions tested (Figure 5A-C). The gp102 loss-of-function mutations were
only an advantage on the USA300 strain growing at 37 °C (Figure 5D). This detail was not
detectable in the 96-well growth curve experiments because the starting concentration of
bacteria at the time of phage addition was too low for ODsw measurements to capture
changes in cell density. This highlights the importance of studying phage-host interac-
tions using multiple starting conditions.
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Figure 5. Culture lysis times for phage K with wild-type or mutant gp102, under permissive (A-C)
and non-permissive (D) infection conditions. (A) ATCC 19685 growing at 30 °C, (B) ATCC 19685
growing at 37 °C, (C) NRS384 growing at 30 °C, and (D) NRS384 growing at 37 °C. These data are
representative of two replicate experiments.

3.7. Gene Expression

When expressed under the control of an arsenite-inducible promoter from a plasmid
in either S. aureus RN4220 (MSSA) or NRS384 (USA300 MRSA), Gp102 reduced cell counts
by 4 orders of magnitude at 37 °C (Figure 6). Toxicity was also observed at 30 °C. The
small apparent difference in cell survival observed between NRS384 and RN4220 at 30 °C
was not statistically significant (p > 0.50 for a main effect and all possible interaction effects
in a three-factor ANOVA). Notably, a toxic effect of Gp102 expression at 30 °C was seen
even when the inducer was absent. Since each replicate used the same initial broth culture
for all four plating conditions, this is a real reduction in cell counts and suggests that even
slightly leaky expression of gp102 has a toxic effect at this temperature. The empty plasmid
vector was not tested in parallel. However, we are confident that the effect is gene-specific
because we are in the process of testing all predicted phage K ORFs in this system and
very few have exhibited any toxicity.
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Figure 6. Surviving S. aureus cells when a 16 h broth culture of transformed cells is dilution plated
at two temperatures in the presence or absence of arsenite, used to induce expression of phage K
gp102. Values are the mean and standard deviation of logi-transformed data from three trans-
formant colonies of each strain.

3.8. Molecular Modeling

Based on primary amino acid sequence, Gp102 is predicted to be 17.5 kDa with a pl
of 5.94. We undertook in silico molecular modeling to investigate whether structural fea-
tures of Gp102 might provide clues to its mechanism of action. HHPred, which uses sec-
ondary structure predictions as the basis for protein—protein comparisons, yielded hits
dominated by helix-turn-helix (HTH) motifs, including proteins annotated as transposa-
ses, DNA-binding proteins, and various transcriptional regulators.

AlphaFold2 consistently predicted a tertiary structure involving a trihelical (compris-
ing alpha helices 2, 3, 4) and a tetrahelical (alpha helices 5-8) HTH domain connected by
a [-strand (Figure 7A). The orientations of the C- and N-terminal regions varied among
replicate executions and had very low confidence scores (Figure 7B), which is not surpris-
ing given their minimal secondary structure. The two HTH domains span residues Pro32
to Tyr67 and Pro78 to Tyr126, which is where most of the missense mutations captured in
our mutant pool were located.

A representative PDB file for Gp102 was used as a query structure in DALL which
uses tertiary structure as the basis for protein-protein comparisons. The only hit in the
PDB90 database that had “coverage” of the entire Gp102 protein was Schizosaccharomyces
pombe protein Rebl (RCSB#5EYB). S. pombe Rebl is a bifunctional protein that binds spe-
cific transcriptional terminators to terminate transcription and to arrest replication forks
coming from the opposite direction [24]. The crystal structure of Rebl complexed with
DNA shows the DNA strand passing through the center of the horseshoe-shaped Rebl,
with key helices from the two HTH domains making contacts in the major groove [25].
We view these results as hypothesis-generating rather than conclusive. The DALI statis-
tics are relatively weak, and the modest AlphaFold2 confidence in the 3-strand regions of
Gp102 limits the usefulness of further modeling. However, in the absence of any well-
characterized true homologs, the similarity in what seems to be an uncommon overall
shape suggests that DNA-binding experiments might be useful for understanding Gp102
function.

Apart from Rebl, the most structurally similar proteins in both the PDB90 and S.
aureus databases were bacterial transcription factors that contained a single trihelical HTH
and that are known to dimerize (e.g., RCSB#GVB4, RCSB#4PCQ). Figure 7 shows super-
position diagrams of Gp102 with Rebl (7C) and some of the S. aureus proteins (7D).
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Figure 7. Molecular modeling of Gp102 and structurally similar proteins in other organisms. (A) a
representative prediction of phage K Gp102 by AlphaFold2, showing pink a-helices (numbered
from the N-terminus) and yellow (3-strands. (B) AlphaFold2 prediction confidence (predicted local
distance difference test) by position for the five best predicted structures. The HTH domains are
predicted to have high accuracy (pIDDT > 90), regions with pIDDT between 70 and 90 have good
accuracy, and the terminal “arms” of the protein have low confidence (pIDDT < 70) or might only
have structure as part of a complex (pLDDT < 50) [CITATION]. (C) DALI output showing the su-
perposition of phage K Gp102 (green) and S. pombe Reb1 (gold) [Z = 4.5, rmsd = 14.8, lali = 80, %id =
9]. (D) DALI output showing superposition of phage K Gp102 (green) and S. aureus proteins VraR
(RCSB#GVB4), NreC (RCSB#GV7J), a putative DNA-binding response regulator (RCSB#GWVB),
and an uncharacterized protein (RCSB#GV5T) [Z = 4.0-4.5, rmsd = 9.3-11.3, lali = 61-63, %id = 13-
16]. (E) ClustalOmega protein alignment of representative Gp102 homologs across the Twortvirinae
subfamily, highlighting residues that are conserved in > 90% of the displayed sequences. Selected
protein regions are mapped to the secondary structures in panel A. Note that residue numbering is
for the aligned consensus sequence and therefore does not match the residue numbering for phage
K Gp102 in Table S1.

3.9. Taxonomic Distribution of gp102 Homologs

A version of the phage K gp102 gene is present in all ICTV-recognized species within
the Twortvirinae subfamily and Figure 7E shows the most conserved amino acid residues.
When both ICTV-recognized and unclassified Twortvirinae were excluded from blastn re-
sults, no other good hits (e-value <0.001) were found in GenBank or RefSeq records. How-
ever, when a similar search was conducted at the protein level (tblastn), proteins with
meaningful hits were found throughout the Herelleviridae family. The Herelleviridae in-
clude myophages that infect Bacillus, Enterococcus, Listeria, Staphylococcus, and Lactobacillus
species and that are broadly similar to the Bacillus phage SPO1. While taxonomy is not, in
itself, phylogeny, the structure of the Herelleviridae family is well-supported by a range of
genomic and proteomic analyses and correlates well with the phylogenetic relationships
among its members [26]. The family, subfamilies, and genera are monophyletic groups,
and we use them here as general markers of evolutionary relatedness.

Proteins containing Gp102-like regions are ubiquitous in the Twortvirinae (Staphylo-
coccus phages), Jasinkavirinae (Listeria phages), and Brockvirinae (Enterococcus phages) sub-
families and entirely absent from the Spounavirinae (Bacillus phages) subfamily and from
the seven genera of Lactobacillus phages that did not have subfamily assignments as of
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ICTV Master Species List #37 (Table S3). Within the Bastillevirinae, Gp102 homologs are
only identifiable in 5 of 15 genera, but these are the most similar to Gp102 in terms of
protein size. Among the Brockvirinae and Jasinkavirinae phages, there are much larger pro-
teins (approx. 800 and 350 aa, vs. the 147 aa Gp102) that contain a region with apparent
homology to Gp102. Figure 8 compares proteins with Gp102-like regions from Herelleviri-
dae phages. Protein-level similarity across the Gp102-like region was >40% in most cases
(Figure S2). None of these proteins have been ascribed functions that are supported by
experimental data.
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Figure 8. ClustalOmega alignment of predicted proteins with regions similar to Gp102, and a re-
sulting UPGMA tree (Jukes—Cantor model, 100 bootstrap replicates). The alignment includes one
representative of each ICTV-recognized species within each genus in which such proteins were
found, in addition to two unclassified phages from Schiekvirus and Kochikohdavirus that were in-
cluded to increase representation within Brockvirinae (sequences listed in Figure S2). All branch
points had > 60% consensus support. Above the alignment, gray blocks indicate the majority-rule
consensus sequence, and the histogram below shows regions of complete (green), medium (gold),
and low (red) percent amino acid identity to the consensus. Colors within each aligned protein in-
dicate residues that are conserved above a 65% threshold.

4. Discussion

Temperature sensitivity of phage K plaquing has been informally noted by many
phage researchers. One hypothesis for this has been that phage K is a laboratory strain
that has become attenuated after extended passage with respect to this growth character-
istic. After all, other studies have reported consistent plaque formation by relatives of K
on various MRSA strains at 37 °C [27-30], although a few have noted difficulty infecting
USA300 strains [31]. Notably however, such studies were typically interested in phage
activity at 37° and did not report comparative plaque formation at 30 °C vs. 37 °C. Since
plaques do still form at 37 °C when using certain media, and since plaque morphology is
expected to be affected by many phage- and host-specific factors, the phenotype might
not have been pronounced enough to prompt additional investigation in many circum-
stances.

It is clear from our genetic data that phage K temperature sensitivity is strongly cor-
related with the USA300 lineage of S. aureus and can be overcome by gp102 loss-of-func-
tion mutations. We demonstrated the same phenomenon in four phages that would be
classified as the same species, based on having > 95% nucleotide identity to K. This, cou-
pled with the very high degree of gp102 nucleotide sequence conservation across the
Kayvirus genus, points us away from the earlier hypothesis that temperature sensitivity is
an issue of phage K attenuation and instead suggests that it is a common phenotype of
phages that are closely related to K. In the future, it would be valuable to test whether
these findings hold for Kayvirus phages that are more distantly related to K (e.g., 70-85%
nucleotide-level similarity). When testing our lab’s full phage collection, we did not ob-
serve Silviavirus phages Romulus and Remus forming smaller, fainter plaques on USA300
vs. non-USA300 strains at 37 °C (data not shown), but these phages differ from phage K
in many other ways that might affect plaque formation.

USA300 strains differ from other S. aureus lineages in two main ways. One is the
SCCmec type IV cassette, which contains several genes of unknown function and differs
substantially from types I through III [32]. It is not clear how this cassette might relate to
phage infection processes, but one of our observations suggests a possible association:
subtype IVa, present in USA300 strains, is almost identical to subtype IVb, which is pre-
sent in USA400 strains such as MW?2 [33] and MW2 was the only strain on which gp102
mutants of phage K were better than wild-type at suppressing bacterial growth in broth
(although there was no effect on plaque morphology). The second unique feature of
USA300 strains is the presence of the arginine catabolic mobile element (ACME), which
encodes the arc gene cluster (arginine deiminase), the opp-3 gene cluster (oligopeptide per-
mease), and speG (polyamine acetyltransferase). The arc and speG genes are both involved
in polyamine metabolism, which calls to mind our observations with S. aureus LAC, in
which the additive effects of temperature and pot gene deletions on reducing phage K
activity were seen in both plaque assay and broth culture assays. We are conducting sep-
arate studies to better understand why deleting components of the polyamine uptake sys-
tem would have this effect. Polyamines have been shown to play a role in DNA compac-
tion and capsid packaging in some Escherichia coli, Salmonella, and Pseudomonas aeruginosa
phages [8,34-36]. Since S. aureus does not appear to have the genes necessary for synthesis
of polyamines de novo [37], impaired uptake could potentially reduce the efficiency of
DNA packaging, reducing burst size and therefore plaque size. USA300 MRSA strains
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additionally reduce the concentration of intracellular polyamines by acetylating them.
However, other cations can displace polyamines in the capsids of stored phages [34,38],
which suggests that other cations can substitute for polyamines even if polyamines would
typically be used for phage K DNA packaging.

As yet, we do not understand the specific function of gp102. Direct measurement and
efficiency of plating comparisons indicate that gp102 loss-of-function does not affect
phage adsorption. RNA-Seq data from phage K infections of ATCC 19685 show that gp102
transcription begins almost immediately upon infection, with transcript abundance in-
creasing through 10 min, then dropping back to initial levels by 30 min after phage addi-
tion (Kongari et al.,, manuscript in preparation). These observations are consistent with
Gp102 having a role, whether directly or indirectly, in host takeover or lysis timing,
though other explanations are also possible especially since protein abundance may not
mirror transcript abundance. Additional transcriptional profiling experiments to examine
the effects of Gp102 loss-of-function with different host and phage backgrounds is ex-
pected to shed light on some of these questions.

Molecular modeling, particularly the similarity of the AlphaFold2 structural predi-
cation to S. pombe Rebl, suggests that we should investigate the possibility that Gp102
might be a DNA-binding protein with a role in transcriptional regulation. Under this hy-
pothesis, the extremely well-conserved amino acid sequence of the predicted eighth a-
helix in Twortvirinae Gp102 homologs would be equivalent to the Reb1 helix that fits into
the major groove of DNA in the crystal structure of Rebl complexed with DNA and pre-
sumably contributes to Reb1’s binding specificity. We plan to conduct DNA-binding ex-
periments with purified Gp102 in the future as a direct test of Gp102's DNA binding ac-
tivity. DALI, which we used to identify the high-level structural similarity of Gp102 and
Rebl, might be useful for functional characterization of phage ORFans because it looks
for tertiary structure similarities without regard to primary amino acid sequence. ORFans
share no obvious sequence similarity with other proteins, but some might have similar
structural properties by virtue of having similar functions, such as those involved in early
host takeover or transcriptional regulation.

Ultimately, we remain unsure of the role that gp102 plays in the K-like phages. The
very high degree of gp102 sequence conservation among the Kayvirus phages suggests that
there is active selection to maintain the integrity of this protein even though its presence
is a detriment to phage activity on USA300 MRSA at 37 °C. In a limited strain set, we
showed that phage K with wild-type gp102 kills S. aureus more rapidly under permissive
conditions, which is likely to give the phage an ecological advantage. The loss-of-function
mutations provide an advantage only on USA300 MRSA at 37 °C, when the wild-type
phage kills poorly. Since S. aureus is an animal-associated organism that can cause serious
infections, it typically exists as a skin commensal. Therefore, obligately lytic phages might
be most likely to interact with S. aureus at temperatures lower than the core body temper-
atures of their human and animal hosts. This would explain a lack of strong selection for
a mutation that increases phage activity on a single lineage at these higher temperatures
at the expense of rapid lysis under other conditions. It is also possible that gp102 loss-of-
function might have other negative consequences for phage K. We have not yet tested
phage activity against biofilms or in nutrient-limited conditions more representative of
the natural environment of S. aureus. Under some of these conditions, our GHT and GHTP
mutants might have a disadvantage at either 30 °C or even 37 °C.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/v15010017/s1, Table S1: Nature and location of all GHT and
GHTP mutants of phage K, relative to the wildtype gp102 gene; Table S2: Genetic Characterization
of S. aureus Strains on which both wild-type phage K and gp102 mutants form plaques; Figure S1:
Nucleotide-level similarity (% identity) of the coding sequences for homologs of the phage K gp102
gene; Table S3: Taxonomic distribution of predicted proteins containing domains similar to Gp102
of phage K. Figure 52. Similarity of the Gp102-like domain of proteins found in Herelleviridae phages.



Viruses 2023, 15, 17 20 of 22

Author Contributions: Conceptualization, SM.L., RK,, R.D.P. and S.5.; methodology, all; formal
analysis, SM.L.,, AM.G,, M.D.R,, RK. and M.K; investigation, SM.L., M.D.R., M.K., AM.G. and
R.K.; writing—original draft preparation, S.M.L.; writing—review and editing, SM.L., RD.P,, S.S.
and R K; visualization, all. All authors have read and agreed to the published version of the manu-
script. A.M.G. current affiliation: Department of Microbiology and Immunology, Drexel University
College of Medicine, Philadelphia PA 19102.

Funding: AG was supported by the Research Participation Program at OVRR/CBER, U.S. Food and
Drug Administration, administered by the Oak Ridge Institute for Science and Education (ORISE)
through an interagency agreement between the U.S. Department of Energy and FDA. Some of this
work was supported by an interagency agreement with the National Institute of Allergy and Infec-
tious Disease, Division of Microbiology and Infectious Diseases (NIAID #: AAI20020-001-00000).

Institutional Review Board Statement: Mouse experiments were carried out in a facility accredited
by the Association for Assessment and Accreditation of Laboratory Animal Care International, in
accordance with protocols and procedures approved by the FDA Animal Care and Use Committee
(protocol #2015-20, originally approved in 2015). Mice were communally housed by treatment
group, bacterial colonization and phage administration were carried out under isoflurane anesthe-
sia and euthanized using carbon dioxide. Animals did not exceed USDA pain and distress category
C (no more than momentary or slight pain or distress).

Data Availability Statement: Most of the data presented in this study are presented in their entirety
in the paper and supplementary material. Other data are being prepared for publication or are avail-
able upon request.

Acknowledgments: The authors thank the FDA/CDRH HPC team, particularly Mike Mikailov; the
FDA/CBER Facility for Biotechnology Resources, particularly Wells W. Wu and Chao-Kai Chou; the
FDA/CBER Division of Veterinary Services; and Gloria Lee and Tiana Walker for their contributions
to this work. The following reagent was provided by the Network on Antimicrobial Resistance in
Staphylococcus aureus (NARSA) for distribution by BEI Resources, NIAID, NIH: Nebraska Trans-
poson Mutant Library (NTML) Genetic Toolbox, NR-49947.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

LaPlante, K.L.; Rybak, M.]. Impact of high-inoculum Staphylococcus aureus on the activities of nafcillin, vancomycin, linezolid,
and daptomycin, alone and in combination with gentamicin, in an in vitro pharmacodynamic model. Antimicrob. Agents
Chemother. 2004, 48, 4665-4672. https://doi.org/10.1128/AAC.48.12.4665-4672.2004.

Haney, E.F.; Hancock, R.E.W. Addressing Antibiotic Failure—Beyond Genetically Encoded Antimicrobial Resistance. Front.
Drug Discov. 2022, 2, 892975. https://doi.org/10.3389/fddsv.2022.892975.

International Committee on Taxonomy of Viruses (ICTV). ICTV Master Species List 2021.v1 (MSL#37); 2021. Available online:
https://ictv.global/msl (accessed on 15 December 2022).

Hatfull, G.F. Chapter 7—The Secret Lives of Mycobacteriophages. In Advances in Virus Research; L.obocka, M., Szybalski, W.T.,
Eds.; Academic Press: Waltham, MA, USA, 2012; Volume 82, pp. 179-288.

Kwan, T.; Liu, J.; DuBow, M.; Gros, P.; Pelletier, ]. The complete genomes and proteomes of 27 Staphylococcus aureus bacterio-
phages. Proc. Natl. Acad. Sci. USA 2005, 102, 5174-5179. https://doi.org/10.1073/pnas.0501140102.

Berjon-Otero, M.; Lechuga, A.; Mehla, |.; Uetz, P; Salas, M.; Redrejo-Rodriguez, M. Bam35 Tectivirus Intraviral Interaction Map
Unveils New Function and Localization of Phage ORFan Proteins. ]. Virol. 2017, 91, e00870-17. https://doi.org/10.1128/JVI.00870-
17.

Mehla, J.; Dedrick, R.M.; Caufield, ]. H.; Wagemans, J.; Sakhawalkar, N.; Johnson, A.; Hatfull, G.F.; Uetz, P. Virus-host protein-
protein interactions of mycobacteriophage Giles. Sci. Rep. 2017, 7, 16514. https://doi.org/10.1038/s41598-017-16303-7.
Wagemans, J.; Blasdel, B.G.; Van den Bossche, A.; Uytterhoeven, B.; De Smet, J.; Paeshuyse, J.; Cenens, W.; Aertsen, A.; Uetz, P.;
Delattre, A.S.; et al. Functional elucidation of antibacterial phage ORFans targeting Pseudomonas aeruginosa. Cell. Microbiol. 2014,
16, 1822-1835. https://doi.org/10.1111/cmi.12330.

Liu, J.; Dehbi, M.; Moeck, G.; Arhin, F.; Bauda, P.; Bergeron, D.; Callejo, M.; Ferretti, V.; Ha, N.; Kwan, T.; et al. Antimicrobial
drug discovery through bacteriophage genomics. Nat. Biotechnol. 2004, 22, 185-191. https://doi.org/10.1038/nbt932.

Dedrick, R.M.; Marinelli, L.J.; Newton, G.L.; Pogliano, K.; Pogliano, J.; Hatfull, G.F. Functional requirements for bacteriophage
growth: Gene essentiality and expression in mycobacteriophage Giles. Mol. Microbiol. 2013, 88, 577-589.
https://doi.org/10.1111/mmi.12210.

Yin, Y. Fischer, D. Identification and investigation of ORFans in the viral world. BMC Genom. 2008, 9, 24.
https://doi.org/10.1186/1471-2164-9-24.



Viruses 2023, 15, 17 21 of 22

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Arnaud, M.; Chastanet, A.; Debarbouille, M. New vector for efficient allelic replacement in naturally nontransformable, low-
GC-content, gram-positive bacteria. Appl. Environ. Microbiol. 2004, 70, 6887-6891. https://doi.org/10.1128/AEM.70.11.6887-
6891.2004.

Prabhakara, R.; Foreman, O.; De Pascalis, R.; Lee, G.M.; Plaut, R.D.; Kim, S.Y ; Stibitz, S.; Elkins, K.L.; Merkel, T.J. Epicutaneous
model of community-acquired Staphylococcus aureus skin infections. Infect. Immun. 2013, 81, 1306-1315.
https://doi.org/10.1128/IA1.01304-12.

McNamara, P.J. Genetic Manipulation of Staphylococcus aureus. In Staphylococcus: Molecular Genetics; Lindsay, J.A., Ed.; Caister
Academic Press: Norfolk, UK, 2008; pp. 89-129.

David, M.Z,; Taylor, A.; Lynfield, R.; Boxrud, D.J.; Short, G.; Zychowski, D.; Boyle-Vavra, S.; Daum, R.S. Comparing pulsed-
field gel electrophoresis with multilocus sequence typing, spa typing, staphylococcal cassette chromosome mec (SCCmec) typ-
ing, and PCR for panton-valentine leukocidin, arcA, and opp3 in methicillin-resistant Staphylococcus aureus isolates at a U.S.
Medical Center. ]. Clin. Microbiol. 2013, 51, 814-819. https://doi.org/10.1128/JCM.02429-12.

Strauf3, L.; Stegger, M.; Akpaka, P.E.; Alabi, A.; Breurec, S.; Coombs, G.; Egyir, B.; Larsen, A.R.; Laurent, F.; Monecke, S.; et al.
Origin, evolution, and global transmission of community-acquired Staphylococcus aureus ST8. Proc. Natl. Acad. Sci. USA 2017,
114, E10596-E10604, https://doi.org/10.1073/pnas.1702472114.

Murai, T.; Okazaki, K.; Kinoshita, K.; Uehara, Y.; Zuo, H.; Ly, Y.; Ono, Y.; Sasaki, T.; Hiramatsu, K.; Horikoshi, Y. Comparison
of USA300 with non-USA300 methicillin-resistant Staphylococcus aureus in a neonatal intensive care unit. Int. J. Infect. Dis. 2019,
79, 134-138. https://doi.org/10.1016/j.ijid.2018.11.020.

Gabler, F.; Nam, S.Z,; Till, S.; Mirdita, M.; Steinegger, M.; Soding, ]J.; Lupas, A.N.; Alva, V. Protein Sequence Analysis Using the
MPI Bioinformatics Toolkit. Curr. Protoc. Bioinform. 2020, 72, e108. https://doi.org/10.1002/cpbi.108.

Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; Tunyasuvunakool, K.; Bates, R.; Zidek, A.; Potapenko,
A.; et al. Highly accurate protein structure prediction with AlphaFold. Nature 2021, 596, 583-589. https://doi.org/10.1038/541586-
021-03819-2.

Holm, L. DALI and the persistence of protein shape. Protein Sci. 2020, 29, 128-140. https://doi.org/10.1002/pro.3749.

Bae, T.; Glass, E.M.; Schneewind, O.; Missiakas, D. Generating a collection of insertion mutations in the Staphylococcus aureus
genome using bursa aurealis. Methods Mol. Biol. 2008, 416, 103-116. https://doi.org/10.1007/978-1-59745-321-9_7.

Saez Moreno, D.; Visram, Z.; Mutti, M.; Restrepo-Cordoba, M.; Hartmann, S.; Kremers, A.L; Tisakova, L.; Schertler, S.; Wittmann,
J.; Kalali, B.; et al. epsilon(2)-Phages Are Naturally Bred and Have a Vastly Improved Host Range in Staphylococcus aureus over
Wild Type Phages. Pharmaceuticals 2021, 14, 325. https://doi.org/10.3390/ph14040325.

Gallet, R.; Kannoly, S; Wang, I.N. Effects of bacteriophage traits on plaque formation. BMC Microbiol. 2011, 11, 181.
https://doi.org/10.1186/1471-2180-11-181.

Singh, S.K.; Sabatinos, S.; Forsburg, S.; Bastia, D. Regulation of replication termination by Rebl protein-mediated action at a
distance. Cell 2010, 142, 868-878. https://doi.org/10.1016/j.cell.2010.08.013.

Jaiswal, R.; Choudhury, M.; Zaman, S.; Singh, S.; Santosh, V.; Bastia, D.; Escalante, C.R. Functional architecture of the Reb1-Ter
complex  of  Schizosaccharomyces = pombe.  Proc. ~ Natl. ~ Acad.  Sci.  USA 2016, 113,  E2267-E2276.
https://doi.org/10.1073/pnas.1525465113.

Barylski, J.; Enault, F.; Dutilh, B.E.; Schuller, M.B.; Edwards, R.A.; Gillis, A.; Klumpp, J.; Knezevic, P.; Krupovic, M.; Kuhn, ].H.;
et al. Analysis of Spounaviruses as a Case Study for the Overdue Reclassification of Tailed Phages. Syst. Biol. 2020, 69, 110-123.
https://doi.org/10.1093/sysbio/syz036.

Lehman, S.M.; Mearns, G.; Rankin, D.; Cole, R.A.; Smrekar, F.; Branston, S.D.; Morales, S. Design and Preclinical Development
of a Phage Product for the Treatment of Antibiotic-Resistant Staphylococcus aureus Infections. Viruses 2019, 11, 88.
https://doi.org/10.3390/v11010088.

Botka, T.; Pantticek, R.; Maslanova, I; Benesik, M.; Petras, P.; Razickova, V.; Havlickova, P.; Varga, M.; Zemli¢kova, H.;
Kolackova, I; et al. Lytic and genomic properties of spontaneous host-range Kayvirus mutants prove their suitability for up-
grading phage therapeutics against staphylococci. Sci. Rep. 2019, 9, 5475. https://doi.org/10.1038/s41598-019-41868-w.

Estrella, L.A.; Quinones, J.; Henry, M.; Hannah, R.M.; Pope, R K.; Hamilton, T.; Teneza-Mora, N.; Hall, E.; Biswajit, B. Charac-
terization of novel Staphylococcus aureus lytic phage and defining their combinatorial virulence using the OmniLog(R) system.
Bacteriophage 2016, 6, €1219440. https://doi.org/10.1080/21597081.2016.1219440.

Ajuebor, J.; Buttimer, C.; Arroyo-Moreno, S.; Chanishvili, N.; Gabriel, E.M.; O'Mahony, ]J.; McAuliffe, O.; Neve, H.; Franz, C,;
Coffey, A. Comparison of Staphylococcus Phage K with Close Phage Relatives Commonly Employed in Phage Therapeutics.
Antibiotics 2018, 7, 37.

Jensen, K.C.; Hair, B.B.; Wienclaw, T.M.; Murdock, M.H.; Hatch, ].B.; Trent, A.T.; White, T.D.; Haskell, K.J.; Berges, B.K. Isolation
and Host Range of Bacteriophage with Lytic Activity against Methicillin-Resistant Staphylococcus aureus and Potential Use as a
Fomite Decontaminant. PLoS ONE 2015, 10, e0131714. https://doi.org/10.1371/journal.pone.0131714.

Ma, X.X; Ito, T.; Tiensasitorn, C.; Jamklang, M.; Chongtrakool, P.; Boyle-Vavra, S.; Daum, R.S.; Hiramatsu, K. Novel type of
staphylococcal cassette chromosome mec identified in community-acquired methicillin-resistant Staphylococcus aureus strains.
Antimicrob. Agents Chemother. 2002, 46, 1147-1152. https://doi.org/10.1128/AAC.46.4.1147-1152.2002.

Diep, B.A,; Gill, S.R.; Chang, R.F.; Phan, T.H.; Chen, J.H.; Davidson, M.G.; Lin, F; Lin, J.; Carleton, H.A.; Mongodin, E.F.; et al.
Complete genome sequence of USA300, an epidemic clone of community-acquired meticillin-resistant Staphylococcus aureus.
Lancet 2006, 367, 731-739. https://doi.org/10.1016/S0140-6736(06)68231-7.



Viruses 2023, 15, 17 22 of 22

34.

35.

36.

37.

38.

Bachrach, U.; Fischer, R.; Klein, I. Occurrence of polyamines in coliphages T5, phiX174 and in phage-infected bacteria. ]. Gen.
Virol. 1975, 26, 287-294. https://doi.org/10.1099/0022-1317-26-3-287.

Dasgupta, B.; Chakravorty, M. Effect of spermidine on bacteriophage P22 infection. ]. Virol. 1978, 28, 736-742.
https://doi.org/10.1128/JV1.28.3.736-742.1978.

Garbe, ].; Bunk, B.; Rohde, M.; Schobert, M. Sequencing and characterization of Pseudomonas aeruginosa phage JG004. BMC Mi-
crobiol. 2011, 11, 102. https://doi.org/10.1186/1471-2180-11-102.

Joshi, G.S.; Spontak, ].S.; Klapper, D.G.; Richardson, A.R. Arginine catabolic mobile element encoded speG abrogates the unique
hypersensitivity of Staphylococcus aureus to exogenous polyamines. Mol. Microbiol. 2011, 82, 9-20. https://doi.org/10.1111/j.1365-
2958.2011.07809.x.

Ames, B.N.; Dubin, D.T. The role of polyamines in the neutralization of bacteriophage deoxyribonucleic acid. ]. Biol. Chem. 1960,
235, 769-775.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



