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In response to increasing frequencies of antibiotic-resistant path-
ogens, there has been a resurrection of interest in the use of bac-
teriophage to treat bacterial infections: phage therapy. Here we
explore the potential of a seemingly ideal phage, PYO®?, for com-
bination phage and antibiotic treatment of Staphylococcus aureus
infections. This K-like phage has a broad host range; all 83 tested
dlinical isolates of S.aureus tested were susceptible to PYOS?, Be-
cause of the mode of action of PYO®?, S. aureus is unlikely to gen-
erate classical receptor-site mutants resistant to PYO®?, none were
observed in the 13 clinical isolates tested. PYO® kills S. aureus at
high rates. On the downside, the results of our experiments and
tests of the joint action of PYO®® and antibiotics raise issues that
must be addressed before PYOS? is employed clinically. Despite the
maintenance of the phage, PYO®® does not clear populations of S.
aureus. Due to the ascent of a phenotyically diverse array of small-
colony variants following an initial demise, the bacterial populations
return to densities similar to that of phage-free controls. Using a
combination of mathematical modeling and in vitro experiments,
we postulate and present evidence for a mechanism to account
for the demise-resurrection dynamics of PYO®® and S. aureus. Crit-
ically for phage therapy, our experimental results suggest that treat-
ment with PYOS® followed by bactericidal antibiotics can clear
populations of S. aureus more effectively than the antibiotics alone.
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Driven by well-warranted concerns about the increasing fre-
quencies of infections with antibiotic-resistant pathogens,
there has been a resurrection of interest in, research on, and
clinical trials with a therapy that predates antibiotics by more than
15 y: bacteriophage (1-4). One direction phage therapy research
has taken is to engineer lytic (virulent) phages with properties that
are anticipated to maximize their efficacy for treating bacterial
infections in mammals (5-8). Primary among these properties are
1) a broad host range for the target bacterial species; 2) mecha-
nisms that prevent the generation of envelope or other kinds of
high-fitness resistance in the target bacteria (9); 3) the capacity to
thwart the innate and adaptive immune systems of bacteria, re-
spectively, restriction-modification and CRISPR-Cas (7, 10, 11);
4) the ability to survive, kill, and replicate on pathogenic bacteria
colonizing or infecting mammalian hosts (12, 13); and 5) little or
no negative effects on the treated host (9).

To these five desired properties for therapeutic bacterio-
phages, there is a sixth that should be considered: the joint action
of these phages and antibiotics (8, 14-17). Phages-only treatment
may be reasonable for compassionate therapy, where the bac-
teria responsible for the infection are resistant to all available
antibiotics (18-20). From a practical perspective, however, for
phages to become widely employed for treating bacterial infec-
tions, they would have to be effective in combination with anti-
biotics. It would be unethical and unacceptable to clinicians and
regulatory agencies to use phage-only therapy for infections that
can be effectively treated with existing antibiotics.
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Although not specifically engineered for these properties, there
is a Staphylococcal phage isolated from a therapeutic phage col-
lection from the Eliava Institute in Tbilisi, Georgia, that we call
PYO®* that on first consideration appears to have all six of the
properties required to be an effective agent for therapy. 1) PYOS?
is likely to have a broad host range for S. aureus. The receptor of
this K-like Myoviridae is N-acetylglucosamine in the wall-teichoic
acid backbone of Staphylococcus aureus and is shared among most
(21), if not all, S. aureus, thereby suggesting PYOS? should be able
to adsorb to and potentially replicate on and kill a vast number of
clinical isolates of S. aureus. 2) S. aureus does not generate clas-
sical, surface modification mutants resistant to PYOS?. Since the
structure of the receptor of PYOS? is critical to the viability,
replication, and virulence of these bacteria, the modifications in
this receptor (22) may not be consistent with the viability or
pathogenicity of S. aureus (23). 3) The replication of PYO> is
unlikely to be prevented by restriction-modification (RM) or
CRISPR-Cas. Despite a genome size of 127 KB, the PYO®? phage
has no GATC nucleotide restriction sites for the S. aureus re-
striction enzyme Sau3Al and only one restriction site, GGNCC
(guanine, guanine, any nucleotide, cytosine, cytosine), for the
Sau961 restriction endonuclease (24, 25). There is no evidence for
a functional CRISPR-Cas system in S. aureus or, to our knowl-
edge, other mechanisms by which S. aureus may prevent the rep-
lication of this phage (26). 4) There is evidence that PYOS*like
phages can replicate in mammals. Early treatment with a phage
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with a different name but the same properties as PYOS?, Statu”,
prevented mortality in otherwise lethal peritoneal infections of S.
aureus in mice (27). A PYOS*like phage has also been successfully
used therapeutically in humans (28). 5) No deleterious effects of a
PYOS“like phage were observed in recent placebo-controlled
trials with volunteers asymptotically colonized by S. aureus (24).
6) Finally, there is evidence to suggest synergy with antibiotics. In
vitro, PYO®* increased the efficacy of low concentrations of an-
tibiotics for the treatment of biofilm populations of S. aureus (14).

With in vitro gopulation and evolutionary dynamic experi-
ments with PYO™ and S. aureus Newman in combination with
three different bacteriostatic and six different bactericidal antibi-
otics, we explore just how well PYO® fits the above criteria for
combination antibiotic and phage therapy. Our population dy-
namic experiments indicate that as consequence of the ascent of
potentially pathogenic PYO®S® resistant small colony variants
(SCVs), by itself, PYOS? does not clear S. aureus infections. After
an initial decline in the density of these bacteria when confronted
with PYO®?, despite the continued presence of these phage, the
densities of the bacterial populations return to levels similar to
those observed in their absence. Using mathematical models, we
present a hypothesis to account for these demise resurrection
population dynamics, and the continued maintenance of the
phage following the ascent of PYOS? resistant SCVs. We test and
provide evidence in support of that hypothesis with a DNA se-
quence analysis of the genetic basis of the SCVs. By combining
PYOS* with antibiotics, the density of the S. aureus population can
be markedly reduced. There are, however, significant differences
in the effectiveness of this combination therapy depending on
whether the antibiotics and phage are used simultaneously or se-
quentially and on whether the antibiotics are bacteriostatic or
bactericidal. Treatment with PYOS?, followed by the administra-
tion of bactericidal antibiotics, is more effective in reducing den-
sity of these bacterial population than treatment with these
antibiotics alone. The methods developed here to evaluate the
clinical potential of PYO®* in combination with antibiotics and
design protocols for treating S. aureus infections with these phages
and antibiotics can be employed for these purposes for any phage
and bacterium that can be cultured in vitro.

Results

Bacteriophage PYOS? Has a Broad Host Range for S. aureus. We use
two assays to determine the host range of PYO®*: 1) the pro-
duction of zones of inhibition in soft agar lawns and 2) changes in
the optical density of exponentially growing liquid cultures of S.
aureus mixed with this phage. By both criteria, S. aureus Newman
and 12 clinical isolates of methicillin-sensitive S. aureus from the
Network on Antimicrobial Resistance (NARSA) collection (29)
were all sensitive to PYOS® and appeared to be unable to generate
classically resistant mutants. Additional evidence for a broad host
range of PYOS® comes from a survey of 71 clinical isolates of
S. aureus, including 54 methicillin-resistant S. aureus (MRSA)
strains and phylogenetically similar species performed by LabCorp
(SI Appendix, Table S1).

S. aureus Appears to Be Unable to Generate Classical, Surface
Modification, Mutants Resistant to PYO®. Evidence for this comes
from experiments with S. aureus Newman and 12 clinical isolates
from the NARSA collection (29). Single colonies of each strain
were grown in the presence of ~10° phage particles per mL, and
after 24 h of exposure to the phage in liquid culture, the optical
densities of exponentially growing S. aureus were no greater than
that of the media without the bacteria, and by plating, we were
unable to detect colonies from these cultures.

Bacterial Population Heterogeneity and the Maintenance of Phage.
With the bacterial growth and phage infection parameters esti-
mated for S. aureus Newman and PYO®?, a complete clearance
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of the bacteria in these experiments after less than 24 h of ex-
posure to PYO®* is anticipated from a simple mass action model
of the population dynamics of bacteria and phage (30). To de-
termine whether this is the case empirically, we divided a culture
with ~10* S. aureus Newman into 28 tubes. We let these cultures
replicate for 2 h, for an average density of 3 x 107 and then
added ~6 x 10° PYO™. At 24 h, all 28 cultures were clear, and
no bacterial colonies were found on the lysogeny broth (LB)
plate samplings of these cultures. However, by day seven, 26 of
these 28 independent cultures were turbid or somewhat turbid.
These turbid cultures all had phage at densities in excess of 5 X
10°. Upon plating these 7-d cultures, colonies were detected with
two distinct phenotypes: colonies similar in size to the ancestral
wild-type S. aureus Newman and much smaller colonies, small
colony variants (Fig. 14).

To elucidate why PYOS* does not kill all of the S. aureus
Newman in these liquid cultures, we prepared three independent
10-mL cultures with ~10% S. aureus Newman and ~107 PYOS®
and serially passaged these cultures for 5 d, transferring 1/100 of
these cultures to fresh media each day. The results of these serial
transfer experiments are presented in Fig. 1B. As anticipated
from the experiment with the 28 tube cultures, at 24 h, all the
flasks were clear. The densities of bacteria remaining in these
cultures estimated by plating, ~10% per mL, is probably an un-
derestimate of the real density due to killing by phage on the
plates. Additional support for the hypothesis that the densities of
S. aureus in these liquid cultures is substantially greater than
the colony-forming units (CFU) estimate is that the density of
the PYOS? phage did not decline at each transfer, and therefore, the
phage must have been replicating. This hypothesis was evaluated
with a simple model (30) using the phage infection parameters
estimated for PYO® and S. aureus Newman. To maintain a
population in a culture diluted by 100-fold the phage density must
increase by at least 100-fold at each transfer and for this to occur,
the product of the adsorption rated constant, , the burst size £,
and the density of sensitive bacteria, N, has to exceed 100. With
the estimated values, 8 = 4.8 x 10~7 and p = 80, the density of
bacteria in these cultures would have to be at least 2.6 x 10” for
the phage not to be diluted out.

Most intriguingly, in all three independent serial transfer
populations with the PYOS® phage present, the CFU estimates
of the density of S. aureus started to increase after the second
transfer. By the fourth and fifth transfer, the density of cells in
these cultures was similar to that of the phage-free controls, and
the phage continued to be maintained, presumably because of
the continued presence of phage-susceptible populations. To test
this, we spread bacterial aliquots onto agar and observed het-
erogeneity in colony growth with both fast-growing and small-
colony variants. Using a spot test, we showed that cultures grown
from fast-growing colonies, henceforth called the evolved bac-
teria, were susceptible to the original PYO®® as well as to the
coexisting PYOS?, In contrast, the spot test showed that cultures
grown from small colony variants isolated from these late
transfer cultures were resistant to lysis by PYOS?,

To further evaluate the different bacterial phenotypes present
in the late transfer cultures, we serially passaged two small-colony
cultures in the presence of PYO® (Fig. 1C). We observed that
cultures generated from small-colony variants were unable to
support the phage. These data and the spot test results suggest an
explanation for the maintenance of bacteria and phages through-
out the original transfer experiment (Fig. 1B). Our hypothesis is
that the bacterial population is polymorphic and includes sensitive
cells capable of supporting phage growth as well as a nonsensitive
population. We tested this hypothesis by mixing wild-type S. aureus
Newman in equal frequency with small-colony variants and ob-
served, consistent with the hypothesis, that the phages were
maintained throughout the serial transfers and that the total bac-
terial population density remained similar to that in phage-free
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Fig. 1. Small-colony variants and the population dynamics of PYO® and S. aureus Newman in serial transfer culture. (4) Wild-type S. aureus and small-colony
variants visualized. (B) Changes in densities of S. aureus Newman and PYO®® in three independent (red, green, blue) serial transfer experiments diluted 1/100
in fresh media daily. (C) Changes in densities of S. aureus Newman and PYO®? in serial transfer cultures initiated two small-colony variants isolated from the
fifth transfer of the cultures with PYO® and S. aureus Newman in B. (D) Changes in densities of S. aureus Newman and PYO®® in serial transfer cultures
initiated with PYO®® and equal densities of cultures derived from small colonies and the ancestral S. aureus Newman. (E) Changes in densities of S. aureus and
PYO®? in serial transfer cultures initiated with PYO®? and single colonies of evolved (wild-type colony morphology) bacteria isolated from the fifth transfer of
the cultures in B. (F) Changes in the ratio of bacteria and phage at time 0 and 24 h. Wild-type S. aureus Newman (W), small-colony variants (S), and evolved

bacteria (E). Three independent replicas.

controls (Fig. 1D). As a separate test of the polymorphic pop-
ulation hypothesis, we made serial transfer experiments initiated
with mixtures of PYOS® phages and evolved bacteria isolated from
the fifth transfer cultures (Fig. 1E). The results of these experi-
ments are consistent with this reduced susceptibility hypothesis.
Moreover, within a single transfer, the bacterial density returned
to that of the phage-free controls and the phages declined, albeit
at a rate less than that anticipated if they were not replicating at
all, in two of the three cultures. In the two cultures where the
phage declined significantly, the dominant bacterial population
were small-colony variants, while the replicate with the coexisting
phage was dominated by bacteria that generated wild-type colony
morphologies. See SI Appendix, section II for a consideration of
the between experiment variation in the population dynamics
observed in Fig. 1 B and E.

Based on the preceding results and interpretations, we pos-
tulate that the bacteria are of three states, the ancestral wild-type,
small-colony variants, and what we call the evolved state, which
have wild-type or near wild-type colony growth rate and rise to
high densities after serial passaging in the presence of phage. Both
the wild-type and the evolved are postulated to be capable of
supporting phage growth, whereas the small colonies type do not
support phage growth.

The Genetic Basis of Bacterial Colony Growth Rate Variation. To
determine the genetic basis of the differences between wild-type
S. aureus Newman, the small-colony variants, and evolved states,
colonies with a range of sizes were isolated from early and late in
serial passaging experiments similar to those shown in Fig. 1B.
Whole-genome sequencing of several clones revealed a clear
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sequence of events during the passaging. The first event was the
selection of mutations in femA which encodes a protein re-
sponsible for assembling the pentaglycine interpeptide bridges in
the S. aureus cell wall (SI Appendix, Table S2). These mutants all
have a small-colony variant phenotype. The range of observed
colony sizes is representative of the diversity of mutations
identified in femA and presumably indicates a direct correlation
between the growth rate and the severity of the defect in FemA
function. We observed in later transfers larger colonies that
carried a femA mutation and an additional mutation (see below),
suggesting that this was a compensatory mutation restoring growth
rate and creating the evolved state. The small-colony variant
phenotype of S. aureus is known to be very unstable and subject to
rapid suppression by a wide variety of compensatory mutations
(31). To investigate the nature of the evolved state, we chose
several different femA mutants and used these to select faster-
growing colonies. Fast growers were easily selected and were ob-
served on agar as larger colonies growing above the slower-growing
parental small-colony strains. Whole-genome sequencing revealed
an array of suppressing mutations were selected, including an in-
ternal suppressor in fernA, mutations in a variety of genes affecting
secondary messenger metabolism, and frequent mutations in the
transcriptional regulator sar4 (SI Appendix, Table S3). We con-
cluded that the initial event upon exposure of wild-type S. aureus
Newman to PYO? is the selection of small-colony variants asso-
ciated with mutations in femA. These slow-growing mutants then
evolve to the faster-growing evolved state by the acquisition of
suppressor mutations that frequently affect global transcriptional
regulators.
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Phenotypic Differences between Wild-Type, Small Colony, and
Evolved Clones. The hypothesis above predicts that cultures de-
rived from bacterial colonies of each state should respond dif-
ferently when exposed to PYO®?, To test this, we cocultured high
densities of each bacterial state (wild-type [W], small-colony [S],
and evolved-state [E]) with PYOS* and determined the relative
change in densities of both bacteria and phage, respectively, 10
and 10 cells and particles per mL, after 24 h exposure (Fig. 1F).
Each of the three states exhibited a unique dynamic. The density
of the wild-type and evolved bacteria declined, with the wild-type
declining to a much greater extent than the evolved state. In
contrast, the density of small-colony variant bacteria increased.
PYO®* phage increased on the wild-type bacteria but declined on
both the small-colony variant and the evolved-state bacteria. The
decline in phage was greater on small-colony variants than on the
evolved state.

Measurement of the growth rates in liquid culture of the three
bacterial states confirmed the growth parameters previously infer-
red from colony sizes (SI Appendix, Table S4). Mutations causing a
small-colony phenotype on agar also caused severe growth defects
in liquid culture, while the evolved clones with secondary sup-
pressing mutations showed partial restoration of growth rate to-
ward wild-type levels.

The pentapeptide crosslinks that FemA synthesizes are nota-
bly the target of lysostaphin. FemA mutants resistant to lysos-
taphin have previously been observed to become hypersensitive
to penicillin antibiotics (32, 33). To test for evidence of these
phenotypes, the minimal inhibitory concentration (MIC) of the
three states were measured against lysostaphin and oxacillin (S/
Appendix, Table S4). We observed that all of the strains carrying
femA mutations (both small colony and evolved state) became
resistant to lysostaphin and hypersensitive to oxacillin. Accord-
ingly, the compensatory evolution from small-colony variant to
evolved state does not phenotypically recreate a wild-type phe-
notype: wild-type and evolved are genetically and phenotypically
distinct states. Since FemA is responsible for adding the second
and third glycines to the interpeptide bridge, and FemB is re-
sponsible for adding the fourth and fifth residues, mutations in
femA are expected to result in single-glycine bridges between the

cell-wall peptides. To the degree that the femA mutants identi-
fied have different growth and susceptibility phenotypes, the cell-
wall defect in strains carrying these mutations is likely not complete
but rather represents a balance between full-length pentapeptide
crosslinks and single-glycine crosslinks. FemA was recently repor-
ted to be essential (34), and it is notable that in our experiments no
unequivocally femA null mutations were identified. Based on the
number of mutants we have screened, this indicates that fernA null
mutants are either nonviable or are counterselected in these
experiments.

PYO® Does Not Replicate on Stationary Phase S. aureus. In infected
hosts, many of the bacteria will not be replicating, and thereby,
phage would be particularly effective for treatment if they, like
some antibiotics (35), could kill nonreplicating S. aureus. To de-
termine whether PYOS* can kill and replicate on nongrowing
bacteria, three independent 48-h stationary phase cultures were
mixed with PYOS?® for average initial densities of ~4 x 10° .
aureus and 10° PYOS?. The bacteria and phages were incubated
with shaking for 24 h, and the viable cell and phage densities were
estimated and compared with the initial densities. There was no
evidence for the stationary phase bacteria being killed; the mean
and SE of the N(24)/N(0) ratio was 0.96 + 0.03. Moreover and
critically, there was a significant decline in the density of phage,
N(24)/N(0) = 0.043 + 0.006. Thus, not only does PYOS* not kill
stationary phase S. aureus, these nonreplicating bacteria act as a
sink and could reduce the density of PYOS? from treated hosts.

The results of experiments to determine whether the decline
in the density of phage can be attributed to changes in the me-
dium, such as a high pH, were negative. The density of PYOS?
did not decline in sterile filtrates of 48-h stationary phase cul-
tures. There is, however, the suggestion that the bacteria must be
viable to lead to the reduction in the viable density. When the S.
aureus in the 48-h stationary phase culture are killed with chlo-
roform, the density of PYO>® does not decline

Accounting for the Population Dynamics Presented in Fig. 1B. In
the SI Appendix, section IV and Fig. S2, using a mathematical
model and numerical solutions, we present a hypothesis for the
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Fig. 2. Joint action of bacteriostatic antibiotics and PYO®?. The concentrations of these antibiotics are 10 pg/mL. (A) The ratio of the change in density of S.
aureus after 24 h of exposure to antibiotics (blue), antibiotics plus phage (purple, green, orange, refers to order of addition as explained in the text) or phage
alone (red). Hash red, the density of S. aureus recovered was below the detection limit, ~107 cells per mL. (B) The ratio of the change in the density of PYO®?
after 24 h of confronting wild-type S. aureus in combination with antibiotics or alone.
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kill-recovery dynamics observed for the bacteria, and the main-
tenance of the phage in the serial transfer cultures depicted in
Fig. 1B. In accord with this hypothesis, 1) the bacterial population
recovers from its initial demise due to predation by PYO™ phage
by the generation and ascent of small-colony variants which are
immune to and selected by the phage, and 2) the phage are
maintained because of the instability of the small-colony variants,
which continuously generate the evolved-state bacteria upon
which the phage can replicate.

The Joint Action of PYO®® and Antibiotics. The high-throughput
method to evaluate the simultaneous action of antibiotics and
phage developed by Gu Liu and colleagues (17) is based on
changes in optical densities and thereby provides no information
about the effect of the antibiotics on the replication of the phage.
The low throughput method employed in this investigation is
based on changes in colony- and plaque-forming units, CFU and
PFU, and provides information about the synergg or antagonism
of the antibiotics on the replication of the PYO™* phage as well
as the bacteria. In these experiments, we mixed growing cultures
of S. aureus Newman and PYO®? in Mueller-Hinton, cation-adjusted
broth (MHII) at densities of 4 x 10° with 4 x 10°, respectively, and
super MIC concentrations of the antibiotics. The densities of bac-
teria and phages were estimated just before the antibiotics were
added and 24 h later, respectively, N(0) and N(24), where N is either
CFU or PFU. In these experiments, the antibiotics and phages were
introduced into the growing cultures of S. aureus Newman in three
different ways: 1) simultaneously, AB+PYO®, 2) antibiotics first
and phage 30 min later, AB>PYO%?, and 3) phage first and anti-
biotics 30 min later, PYO>—AB. As controls, we also treated
parallel cultures of S. aureus Newman with antibiotics only, AB, and
with phage alone. In Fig. 2 (bacteriostatic antibiotics) and Fig. 3
(bacteriocidal antibiotics), we present N(24)/N(0) ratios for the
bacteria and phages for three independent experiments with each
antibiotic and phage combination.

With the bacteriostatic antibiotics, tetracycline (TET), azi-
thromycin (AZM), and linezolid (LZD), the greatest decline in
the density of bacteria and increase in the density of phages
obtained in the experiment where phages are used alone. There
is clearly a negative synergy between these bacteriostatic anti-
biotics and the phage. Whether administered simultaneously or
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sequentially, at the concentrations used, these antibiotics prevent
PYO®* from killing S. aureus Newman. When the phages are
administered simultaneously with AZM and LZD, the phage
density declines.

In Fig. 3, we present the results of experiments with bacteri-
cidal antibiotics, rifampin (RIF), oxacillin (OXA), ciprofloxacin
(CIP), vancomycin (VAN), daptomycin (DAP), and kanamycin
(KAN). The data sug%est that the simultaneous or sequential
administration of PYO>* may modestly increase the rate at which
bactericidal antibiotics kill S. aureus at the concentrations employed.
However, as was observed for the parallel experiment with the
bacteriostatic drugs (Fig. 2), the phages kill more S. aureus in the
absence of antibiotics than with these drugs, an antagonistic inter-
action once again. The failure of RIF to reduce the viable density of
S. aureus can be attributed to RIF resistance emerging. It should be
noted, however, that in one of the three treatments where PYOS?
was used before adding RIF, it prevented the ascent of resistance.
Most interestingly, while treatment with RIF, OXA, and CIP
allowed PYO®* to replicate, this was not the case for VAN, DAP,
and KAN, which appeared to suppress the replication of PYOS,

Sequential Treatment, Phage Followed by Antibiotics. The serial
transfer results presented in Fig. 1B indicate that, as a consequence
of the emergence and ascent of small colony variants, PYOS* by
itself will not be able to control an S. aureus population for an
extended time. Although the phage continues to be present, the
density of the bacteria returns to levels similar to that of the phage-
free control (Fig. 1B). We asked what result would be obtained if
antibiotics were administered to these populations? To address this
question, we performed the serial transfer experiments with the
addition of bactericidal antibiotics following the phage-mediated
reduction in the density of wild-type S. aureus observed during the
first 24 h. The results of these experiments are presented in Fig. 4.

Three of the antibiotics, DAP, KAN, and VAN, were alone
sufficient to eliminate the S. aureus population (Fig. 44). In
contrast, with RIF by the second transfer the density of S. aureus
in treated cultures reached a density observed for antibiotic and
phage free cultures (~2 x 10° bacterial per mL). The reason for
the failure of RIF to clear the culture was the emergence of
mutants resistant to this drug. All six colonies tested from the
fifth transfer were resistant to RIF. However, the viable cells

DAP KAN

Phage Only

uAB
M AB + Phage

1 AB --> Phage
® Phage --> AB

DAP KAN

Phage Only

M AB + Phage
I AB --> Phage
B Phage --> AB

Fig. 3. The joint action of bactericidal antibiotics and PYO®2. Concentrations of the different antibiotics in pg/mL (RIF 0.02, OXA 3, CIP 0.5, VAN 8, DAP 64,
KAN 46), corresponding to minimum bacteriocidal concentrations. (A) The ratio of the change in density of S. aureus after 24 h of exposure to antibiotics,
antibiotics and phage, or phage alone. Hash red, the density of S. aureus recovered was below the detection limit, ~10% per mL. (B) The ratio of the change in
the density of PYOS? after 24 h of confronting S. aureus Newman in combination with antibiotics or alone.
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recovered from the phage and RIF combination cultures were as
sensitive to RIF as were the antibiotic-free controls. Neither
OXA nor CIP alone cleared the cultures. In the case of OXA,
the viable cell density declined but continued to persist at a density
of ~10° cells per mL. The bacteria recovered from these cultures
were sensitive to OXA. We postulate that this leveling off can be
attributed to persistence (36); refer to SI Appendix, section VI and
Fig. S5. In the case of CIP, the initial exposure led to a substantial
decline in the viable cell density of S. aureus; however, following
the second transfer, the bacterial population recovered and was
sustained at densities similar to that in the antibiotic-free controls.
The colonies of S. aureus recovered at the end of this experiment
were susceptible to CIP. We postulate that these resurrection
dynamics could be attributed to heteroresistance (37), refer to
SI Appendix, section VI and Fig. S5.

Discussion and Conclusions

On first consideration, PYO® seems to be an ideal phage for
treating S. aureus infections. The results of this study provide
evidence in supsport of three virtues of PYO®* as a therapeutic
phage. 1) PYO> is likely to kill virtually all methicillin-resistant
as well as methicillin-sensitive S. aureus. 2) S. aureus are unable
to generate classical surface-resistant mutants to PYOS?; thus,
mixtures of multiple phages would not be needed to ensure
coverage or prevent resistance. 3) S. aureus Newman has a high
adsorption rate and burst size with PYO®* and, when first con-
fronting growing populations of S. aureus, the bacteria are killed,
and the phages replicate at a high rate.

On the downside, our experiments raise caveats about the use
of PYO®® for treating S. aureus infections alone and suggest a
possible liability as well. Not only is PYO* unable to clear cultures
of S. aureus Newman, it also selects for potentially pathogenic

small-colony variants (38-41) that are refractory to this phage.
Through a “leaky resistance” mechanism (42), the phage pop-
ulation continues to be maintained, and the bacterial population
continues to persist at densities not much less than they do in the
absence of PYO®, Although not observed for the small-colony
variants tested here, at least some small colonies are more resis-
tant to antibiotics than the bacteria from which they are derived
(31, 43, 44).

For phage therapy to be a practical and acceptable enterprise,
these viruses would have to be used in combination with anti-
biotics. Our results indicate that when administered simulta-
neously, or nearly simultaneously with antibiotics, PYOS* does
worse in killing S. aureus than it does when used alone. The
ribosome-targeting bacteriostatic antibiotics, TET, AZM, and
LZD, suppress the ability of PYOS? to kill S. aureus Newman.
This observation is consistent with the failure of PYOS® to rep-
licate on stationary phase populations of S. aureus. It is also
consistent with the Numbers Game hypothesis for the action of
bacteriostatic antibiotics (45), according to which, the number of
free ribosomes is too low to support the protein synthesis needed
for replication of the phage.

When administered simultaneously with bactericidal antibi-
otics, PYO®S® is also less effective in killing S. aureus than it is in
the absence of these drugs. We postulate that this can be at-
tributed to pharmaco- and population dynamics of the joint ac-
tion of antibiotics and phage; the antibiotics reduce the densities
of the bacteria and thereby lower the capacity of the phage to
replicate (SI Appendix, section IV). More broadly, these results
raise another element that should be considered in the design and
evaluation of joint antibiotic and phage treatment protocols: the
importance of sequential therapy to maximize efficacy. Accord-
ingly, by reducing the density of bacteria, phage may increase the
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Fig. 4. Changes in the densities of bacteria and phage in serial transfer cultures treated with antibiotics alone or in combination with phages. (A) Bacteria
treated with antibiotics alone. (B) Bacterial densities in cultures containing both the antibiotic and the phage. (C) Phage densities in cultures containing both
the antibiotic and the phage. Mean and SEs of three independent experiments. Row 1: Treatment with RIF and DAP, 0.02 and 64 ug/mL, respectively. Row 2:
Treatment with KAN and OXA, 46 and 3 pg/mL, respectively. Row 3: Treatment with CIP and VAN, 0.5 and 8 pg/mL, respectively.
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efficacy of antibiotics (46). Quite the opposite obtains for the
phage when antibiotics are used simultaneously with, or prior to,
the administration of these viruses. For more considerations of the
role of population dynamic processes for the therapeutic use of
phages, see ref. 47.

Sequential Treatment with PYO®® and Antibiotics. Our experiments
suggest a way to deal with the major caveat and potential liability
of treatment with PYO®* alone, the recovery of the bacterial
population due to the ascent of small-colony variants. The admin-
istration of bactericidal antibiotics following the initial decline in the
density of bacteria due to PYOS* prevents bacterial population
recovery and eliminates or prevents the selection of small-colony
variants. The latter is not the case when the antibiotics are used
alone. One interpretation of this is that sequential treatment, ini-
tially with phages, then with a bactericidal antibiotic may be more
effective than treatment with antibiotics alone or phages alone.

Conclusion and a Recommendation. We interpret the results of this
in silico and in vitro study to suggest that PYOS* will be effective
for treatment of S. aureus infections but only if the administra-
tion of bactericidal antibiotics follows that of phage. The next
step will, of course, be to test this sequential phage and antibiotic
treatment hypothesis with S. aureus infections in experimental
animal models.

The methods used in this study with PYOS® in combination
with antibiotics could also be employed to evaluate the potential
clinical efficacy and facilitate the design of treatment protocols
for any phages and bacteria that can be cultured in vitro. We
recommend that this be done prior to the evaluation of efficacy
and treatment protocols with experimental animals. Existing
data suggested that PYO®* met all of the criteria desired for a
phage to be effective for therapy. The in vitro experiments per-
formed in this investigation uncovered a limitation and potential
liability of using this phage for therapy that would not have been
anticipated. This jointly theoretical and experimental study also
revealed a way to deal with this limitation and liability.

Materials and Methods

Strains and Growth Media. Unless otherwise noted, all experiments were
performed from derivatives of the parent strain S. aureus Newman (ATCC
25904). The parent S. aureus Newman was obtained from Bill Schafer of Emory
University. The small-colony variant and evolved strains were obtained from
PYO®? challenged S. aureus Newman by experiments performed in our labo-
ratories. The investigation for classical resistance was performed in the fol-
lowing MSSA strains obtained from Abraham Moller in the Reid Lab at Emory
University: NRS52, NRS102, NRS180, NRS110, NRS252, NRS253, NRS266,
NRS109, NRS148, and NRS205.

Bacterial cultures were grown at 37 °C in Mueller-Hinter Il (MHII) Broth
(275710, BD) and on Luria-Bertani Agar (LB) Plates (244510, BD). PYO®? ly-
sates were prepared from single plaques at 37 °C in MHII broth alongside
wild-type S. aureus Newman by plate lysis. Specifically, individual phage
plaques were picked with a sterile stick, resuspended in 4 mL of soft agar
with 0.1 mL of overnight bacterial culture and plated on top of phage plates.
The plates were then incubated at 37 °C overnight. The soft agar was scra-
ped with a sterile iron scoop, resuspended in 10 mL MHIl with ~0.5 mL of
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chloroform to kill the surviving bacteria. The lysates were then centrifuged
to remove the agar, sterilized by filtration (0.2 pm), and stored at 4 °C.

Sampling Bacterial and Phage Densities. Bacteria and phage densities were
estimated by serial dilutions in 0.85% NaCl solution followed by plating. The
total density of bacteria was estimated on LB (1.6%) agar plates. To estimate
the densities of free phage, chloroform was added to suspensions before
serial dilutions. These suspensions were mixed with 0.1 mL of overnight MHII
grown cultures of wild-type S. aureus Newman (about 5 x 108 cells per mL) in
4 mL of LB soft (0.65%) agar and poured onto semihard (1%) LB agar plates.

Parameter Estimations. The parameters critical for the interaction of the
PYO®® phage and S. aureus Newman used in this study were estimated in
independent experiments MHII broth. The maximum growth rate of dif-
ferent clones of S. aureus Newman was measured by Bioscreen, as described
in ref. 48. Phage burst sizes (B) were estimated with one-step growth ex-
periments similar to ref. 49. Adsorption of PYO®® to S. aureus was estimated
as described in ref. 49.

Serial Transfer Experiments. All serial transfer experiments were carried out in
10 mL MHII cultures grown at 37 °C with vigorous shaking. The cultures were
initiated by 1:100 dilution from 10-mL overnight cultures grown from single
colonies. Phage was added to these cultures to reach the initial density of
~10® PFU/mL. At the end of each transfer, 0.1 mL of each culture was
transferred into flasks with fresh medium (1:100 dilution). Simultaneously,
0.1-mL samples were taken for estimating the densities of CFUs and PFUs by
serial dilution and plating on solid agar.

Antibiotics and Their Sources. TET, OXA, VAN, KAN, and Streptomycin are
from Sigma Aldrich, AZM is from Tocris, DAP is from MP Biochemicals, RIF is
from Applichem, and LZD is from Chem-Impex International.

Whole-Genome Sequencing. For sequencing individual clones of S. aureus,
genomic DNA was prepared using the MasterPure Gram-Positive kit, fol-
lowing the manufacturer’s instructions (Epicentre, lllumina Inc.). Final DNA
was resuspended in EB buffer. Genomic DNA concentrations were measured
in a Qubit 2.0 Fluorometer (Invitrogen via Thermo Fisher Scientific). DNA was
diluted to 0.2 ng/pL in water (Sigma-Aldrich), and the samples were pre-
pared for whole-genome sequencing according to Nextera XT DNA Library
Preparation Guide (lllumina Inc.). After the PCR cleanup step, samples were
validated for DNA fragment size distribution using the Agilent High Sensi-
tivity D1000 ScreenTape System (Agilent Technologies). Sequencing was
performed using a MiSeq desktop sequencer, according to the manufac-
turer’s instructions (lllumina Inc.). The sequencing data were aligned and
analyzed in CLC Genomics Workbench version 11.0 (CLCbio).

Data Availability. The paired-end sequence reads of the strains described in
the text have been deposited in NCBI Bioproject database with accession
number PRINA688212. All other data discussed in the paper are available in
the main text and S/ Appendix.
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