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ABSTRACT We recently reported the successful treatment of a case of periprosthetic
joint infection (PJI) with phage. Phage activity against bacteria causing PJI has not
been systematically evaluated. Here, we examined the in vitro activity of seven phages
against 122 clinical isolates of Staphylococcus aureus recovered between April 1999 and
February 2018 from subjects with PJI. Phages were assessed against planktonic and
biofilm phenotypes. Activity of individual phages was demonstrated against up to 73%
of bacterial isolates in the planktonic state and up to 100% of biofilms formed by iso-
lates that were planktonically phage susceptible. Susceptibility to phage was not corre-
lated with small-colony-variant phenotype for planktonic or biofilm bacteria; correlation
between antibiotic susceptibility and planktonic phage susceptibility and between bio-
film phage susceptibility and strength of biofilm formation were noted under select
conditions. These results demonstrate that phages can infect S. aureus causing PJI in
both planktonic and biofilm phenotypes, and thus are worthy of investigation as an
alternative or addition to antibiotics in this setting.
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Phages are bacteriotropic viruses that target bacterial hosts with high specificity. Since
their discovery at the turn of the 20th century, they have been used for a variety of

applications, including biotechnology, medical diagnostics, and treatment of bacterial
infections, also known as “phage therapy.” Human use of phage therapy has occasionally
been reported in the form of clinical trials but has predominantly occurred as case reports (1).
Phage therapy is the subject of current therapeutic interest in the wake of mounting antimi-
crobial resistance.

Biologically distinct from small-molecule antibiotics, phages have several theoretical
advantages as therapeutics, including their environmental abundance, their minimal off-tar-
get effects owing to host specificity, and ability to replicate through the attainment of bacte-
rial clearance (2, 3). As strict obligate intracellular parasites of bacteria, phages must evolve
in parallel with their hosts, a phenomenon referred to as a “coevolutionary arms race” which
renders phages an appealing treatment strategy for bacteria with acquired or biofilm-associ-
ated antimicrobial resistance. The anti-biofilm potential of phages was first recognized in
the mid-1990s in a demonstration by Doolittle et al. of T4 phage infection of Escherichia coli
biofilms (4). Anti-biofilm activity has since been described in the literature for a variety of
applications, including for Staphylococcus aureus infection (see [5–9] for examples). The
mechanism underlying this activity may be exacted through depolymerase (so called “ecto-
lysins”) enzymes which bind polysaccharide in capsule, lipopolysaccharide, or extrapolymeric
substance, or through endolysins which bind peptidoglycan (10–13). Additional mechanisms
have been proposed, including endolysin-mediated transcriptional downregulation of bacte-
rial autolysin (14), quorum sensing inhibition (15), and stress response activation (16).
Importantly, there is debate as to whether phages may augment biofilm formation in certain
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settings, such as through lysis-mediated release of extracellular DNA, a component of the
EPS (16–18).

In medicine, bacterial biofilms can cause chronic, recalcitrant infections. PJI is one
example of a biofilm-associated infection that may benefit from therapeutic phage
(19–22). PJI is a rare but serious complication of joint arthroplasty, oftentimes leading
to chronic infection, diminished function of the affected limb, and occasionally ampu-
tation, among other adverse outcomes (23). Though PJI occurs in only approximately
1–3% of joint arthroplasty cases, increasing numbers of individuals will be affected
because the number of arthroplasty surgeries is increasing over time (23). Fifty to 60
percent of PJI cases are caused by members of the bacterial genus Staphylococcus,
with 27% of cases caused by S. aureus (23). Current management strategies for PJI may
insufficiently eradicate infection, due in part to drug-resistant organisms and/or the
presence of bacterial biofilms, which exhibit intrinsic resistance to the immune system
and traditional antibiotic interventions.

Phage therapy has been considered for treatment of foreign body associated infec-
tions in only a few in vitro and in vivo studies. Barros et al. demonstrated reductions in
bacterial density of drug-resistant S. aureus, Enterococcus faecalis, and E. coli PJI isolates
in vitro when treated planktonically with phage at a multiplicity of infection (MOI) of
10 (24). Kaur et al. used hydrogel-embedded MR-5 phage, linezolid, or a combination
thereof to determine which treatment resulted in the greatest inhibition of methicillin-
resistant S. aureus biofilm formation on orthopedic grade K-wires in vitro. Combination
therapy prevented bacterial colonization and was associated with lower rates of phage
and linezolid resistance-associated mutations versus subjects in either single therapy
group (25). In an in vivo study by Cobb et al., treatment of an experimental S. aureus
infected rat bicortical femur defect with phage-loaded hydrogel and fosfomycin
resulted in lower bone bacterial densities compared with mono-treated and control
groups (26). Similarly, in work by Morris et al. on rats with methicillin-susceptible S. aur-
eus-infected total knee arthroplasties treated intraperitoneally with vancomycin,
StaPhage cocktail, or vancomycin plus phage, the only difference in bacterial loads
compared with untreated controls was in combination-treated animals (27). There
have been seven reported compassionate uses of phage in human case reports for the
treatment of PJI, all with apparently successful outcomes (28–34), alongside largely
successful case series and case reports of osteoarticular indication (35–39). Finally, four
of seven case reports of phage therapy in non-PJI device-related infections have been
documented as successful (40–44).

Prior studies have considered the effect of single phages or cocktails against a small
number of laboratory strains or non-PJI clinical isolates of S. aureus, and therefore, the
ability to extrapolate the therapeutic potential of phage for PJI is limited (45). The
objective of this study was to systematically examine the effect of phages against a
large collection of clinical S. aureus isolates with a view toward better understanding
their potential impact in the setting of PJI. This is the largest to date evaluating phage
against clinical PJI isolates.

RESULTS
Planktonic susceptibility testing. Testing seven phages from the American Type

Culture Collection (ATCC) against each of 122 isolates (Table 1) planktonically revealed
phage susceptibility ranging between 6 and 73% across the collection (Figure 1a).
Twenty-three isolates were not susceptible to any phage in the collection (Table S1).
Three (ATCC 11988-B1, ATCC 19685-B1 and ATCC 23360-B1) of the seven phages dem-
onstrated activity against at least 25% of the collection and were therefore advanced
to subsequent biofilm testing (Figure 1b). No associations were found between plank-
tonic phage susceptibility and small versus normal colony variant phenotypes (Table
2). Generally, no correlation between planktonic phage susceptibility and antibiotic
susceptibility was demonstrated, excepting a positive correlation found between oxa-
cillin susceptibility and ATCC 11988-B1 susceptibility (Table 3).
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Biofilm susceptibility testing. Only isolates susceptible to each of the following three
phages planktonically were included in phage anti-biofilm experiments: ATCC 11988-B1 was
tested against 58 isolates; ATCC 19685-B1 was tested against 89 isolates; and ATCC 23360-
B1 was tested against 79 isolates. Of the subset with consistent susceptibility across techni-
cal and biological duplicates in addition to a standard deviation of the average percent
reduction across biological duplicates less than or equal to 5% of the value of average
reduction, statistically significant reductions between control and phage-treated biofilms
were found in 63 (100%) isolates treated with ATCC 23360-B1; 81 (100%) isolates treated
with ATCC 19685-B1; and 26 (96%) isolates treated with ATCC 11988-B1 (Figure 1b).

Strength of biofilm formation was assessed for association with biofilm phage susceptibility
(Table 4). No associations were observed between strength of biofilm formation and percent
optical density (OD492) reduction, except between nonadherent or weak biofilm formers and
moderate/strong or strong biofilm formers treated with ATCC 11988-B1 and between weak/
moderate or moderate and moderate/strong or strong biofilm formers treated with ATCC
23360-B1. It is not well understood whether these relatively weaker biofilm formers were
more susceptible to phage than stronger biofilm formers because of lower starting cell den-
sities, an ambiguity that may be attributed to the semiquantitative nature of the colorimetric
assay. No test for association was performed between nonadherent or weak biofilm formers
and moderate/strong or strong biofilm formers, or between nonadherent or weak biofilm for-

TABLE 1 Select clinical characteristics of PJI Staphylococcus aureus isolates

Isolate feature (n = 122) No. (%)
Methicillin susceptibility
Susceptible 51 (42)
Resistant 36 (29)
Unknown 35 (29)

Source
Knee 64 (52)
Hip 41 (34)
Shoulder 7 (6)
Elbow 7 (6)
Othera 3 (2)

Small-colony variant
No 118 (97)
Yes 4 (3)

aTibial component, ankle and finger joint.

FIG 1 Phage activity against PJI Staphylococcus aureus isolates. Seven phages were tested against 122
S. aureus isolates. (a) Results of planktonic susceptibility testing using all seven phages. (b) The three
phages that yielded plaques or zones of clearance for $25% of the bacterial collection in planktonic
experiments were evaluated for anti-biofilm activity isolates for which planktonic activity had been
observed. This included phage ATCC 11988-B1 (58 bacterial isolates); phage ATCC 19685-B1 (89
bacterial isolates); and phage ATCC 23360-B1 (79 bacterial isolates). The percentage of biofilms
susceptible to each phage is shown.
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mers and weak/moderate or moderate biofilm formers treated with ATCC 19685-B1; between
nonadherent or weak biofilm formers and moderate/strong or strong biofilm formers, or
between nonadherent or weak biofilm formers and weak/moderate or moderate biofilm for-
mers treated with ATCC 23360-B1 because of the absence of corresponding isolates.

Associations were probed between biofilm phage activity and small versus normal
colony variant phenotype (Table 5), with no differences found based on percent OD492

reduction between treated and untreated isolates for any phage tested.
There was no association between biofilm phage susceptibility and susceptibility to

oxacillin, linezolid, daptomycin, rifampin, clindamycin, or levofloxacin (Table 6).

DISCUSSION

Among few published in vitro phage screens in PJI-associated S. aureus, this study
features the most extensive panel of clinical isolates. Phage susceptibility of planktonic
bacteria was phage-dependent, ranging in susceptibility from 6% to 73% of isolates. This work
did not define why such differential susceptibility patterns were observed. Possibilities might
include mismatched phage depolymerase enzyme or EPS carbohydrate receptor (46) or sub-
optimal relative phage density (11), such that bacteria replicated faster than phage-mediated
bacteriolysis could occur. Of the seven phages originally tested, three were active against
$25% of isolates and advanced to biofilm studies. Among bacteria that demonstrated suscep-
tibility to these phages planktonically, between 96 and 100% had significant reductions in bio-
film-associated biomass when treated with planktonically active phages (Fig. 1). Available liter-
ature does not appear to suggest that antibiofilm activity would be observed in the absence
of planktonic activity (47), although a lack of antibiofilm activity does not preclude planktonic
activity (48). For instance, in the present study, 4% of isolates demonstrated planktonically sus-
ceptible to ATCC 11988-B1 were unaffected by the phage as biofilms compared with
untreated controls (Fig. 1).

The three phages shown to have activity against both planktonic and biofilm-associated
bacteria in the present study have been described to various degrees in the literature. Phage
ATCC 23360-B1 was included in standardized phage typing sets for bovine staphylococci (49–
54). Phage ATCC 19685-B1, or phage K, is a well-known staphylococcal phage in the family of
Myoviridae of the order Caudovirales, having an icosahedral head and long, contractile tail (55).
It utilizes the N-acetylglucosamine moiety of wall teichoic acid to adsorb to bacteria and its
antibiofilm properties have been previously noted; in addition to S. aureus, coagulase-negative
staphylococci may be also susceptible to phage K (56). Additionally, its lysin, LysK, has been
studied for its bactericidal activity independently and recombinantly (57–61). Furthermore,
phage K has been utilized for generation of mutants to expand phage diversity and host spec-
trum (62). Phage ATCC 11988-B1, or phage P14, is a Twort-like phage and genetic relative of
phage K (63, 64). Studies of P14’s infection mechanisms historically contributed to functional
understanding of lysin in phage-induced bacteriolysis and viral dissemination (65, 66). While
phage K has been extensively utilized for its antibacterial potential, ATCC 23360-B1 and ATCC
11988-B1 (P14) have not been therapeutically deployed, though perhaps deserve considera-
tion to this end given their broad spectrum of activity against planktonic and biofilm S. aureus
clinical isolates.

Among planktonic phage susceptibility results, no correlation was found with the
small versus normal colony phenotype (Table 2), although planktonic susceptibility to
ATCC 11988-B1 was correlated with oxacillin susceptibility (Table 3). The significance of
this finding, if any, is not clear, but could hypothetically implicate the involvement of
penicillin binding proteins in phage ATCC 11988-B1 interactions with S. aureus. On the

TABLE 2 Correlational analysis of planktonic phage susceptibility and small-colony-variant statusa

No. of small-colony variants No. of normal colony variants

P value

ATCC
27698-B1

ATCC
27695-B1

ATCC
27704-B1

ATCC
11988-B1

ATCC
27703-B1

ATCC
23360-B1

ATCC
19685-B1

2 119 0.3951 1.000 1.000 1.000 1.000 0.5398 1.000
aThe Fisher’s exact test was used to interrogate the relationship between planktonic phage susceptibility and small-colony variant or normal colony phenotype, a = 0.05.
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other hand, that another Twort-like staphylococcal phage has been shown to elicit syn-
ergistic activity when combined with oxacillin may suggest that different pathways
entirely are utilized by these antimicrobial agents (67).

Of the established biofilms, analyses were conducted in subgroups based on an isolate’s
ability to form biofilm (non-adherent/weak; weak/moderate or moderate; or moderate/
strong or strong) using a method modified from Stepanovic et al. (68). The Wilcoxon signed
rank test was used to measure the relationship between biofilm formation ability and per-
cent reduction between the optical density of phage treated and untreated biofilms, reveal-
ing significantly increased percent reduction among non-adherent or weak biofilm formers
treated with ATCC 11988-B1 versus moderate/strong or strong biofilm formers under the
same conditions, as well as among weak/moderate or moderate biofilm formers treated
with ATCC 23360-B1 versusmoderate/strong or strong biofilm formers under the same con-
ditions (Table 4). Further studies are needed to interpret the relationship between biofilm
susceptibility to phage and biofilm robustness, preferably across larger, more balanced
groups of strains with differing biofilm formation potential. It is possible that this result is
attributed to differential initial cell densities as an artifact of the semiquantitative nature of
optical density readings.

Beyond biofilm-associated infections, small-colony variants represent another form of
phenotypic resistance implicated in PJI. Characterized by their reduced colony size and
growth rate, with ultrastructural changes to the cell wall and/or altered nutrient synthesis
capabilities, small-colony variants may be antibiotic tolerant and/or establish intracellular res-
idence manifesting as chronic infection (69–71). In a retrospective study of PJI-associated
staphylococci, we found that while there was no difference in the risk of two-stage
exchange treatment failure in PJI cases caused by small-colony variant and wild-type bacte-
ria, the former was associated with extended infection times and an increased frequency of
antecedent antimicrobial interventions (72). Although one study demonstrated the activity
of phage-derived HY-133 lysin against both small-colony variant and wild type planktonic
and biofilm-associated S. aureus in vitro (70), our work is the first description of small-colony-
variant response to phage. In this study, no differences were found in the activity of any
phage tested against biofilms of small-colony variants compared to those of non-small-col-
ony variants (Table 5).

TABLE 4 Correlational analysis of biofilm phage response and strength of biofilm formationa

Phage Levels of biofilm formation No. of isolates Levels compared P value
ATCC 11988-B1 0 2 120 0.3502

1 4 221 0.1507
2 16 220 0.0045

ATCC 19685-B1 0 0 221 0.1602
1 2
2 78

ATCC 23360-B1 0 0 221 0.0462
1 1
2 61

aTheWilcoxon signed rank test was used to relate strength of biofilm formation and biofilm phage response as measured by percent reduction in treated versus control conditions,
a = 0.05. Replicates were assigned categories of strength of biofilm formation established by Stepanovic et al. (68), as 0 = nonadherent or weak biofilm formers; 1 = weak/moderate
or moderate biofilm formers; or 2 =moderate/strong or strong biofilm formers. Isolates were analyzed if biological replicates yielded the same or adjacent categorical assignments.
Statistics were calculated for differences in percent biomass reduction between biofilm formation levels per phage.

TABLE 5 Correlational analysis of biofilm phage response and small-colony-variant statusa

Phage No. of small-colony-variant isolates No. of normal colony isolates P value
ATCC 11988-B1 1 26 0.6635
ATCC 19685-B1 2 78 0.9347
ATCC 23360-B1 0 63 NA
aTheWilcoxon rank sum test with normal approximation was used to query the relationship between normal or small-colony-variant status and
biofilm phage response as measured by percent reduction under treated versus control conditions per phage,a = 0.05. NA = not applicable.
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Lastly, we probed for a correlation between isolate biofilm susceptibility and susceptibility
to oxacillin, linezolid, daptomycin, rifampin, clindamycin, and levofloxacin. Oxacillin, daptomy-
cin, and linezolid are potential antimicrobial therapies for PJI caused by methicillin-susceptible
and -resistant staphylococci (23), with combination therapy including rifampin alongside clin-
damycin or levofloxacin, among others (73, 74, 77). The Wilcoxon exact test identified no sig-
nificant relationship between biofilm biomass percent reduction secondary to phage and sus-
ceptibility or resistance to the above antibiotics (Table 6). This reassuring finding suggests that
antibiotic-resistant bacteria may be as responsive to phage treatment as antibiotic-susceptible
counterparts.

One limitation of this study is the range of concentrations at which phages were uti-
lized for planktonic susceptibility testing above a threshold of 104 PFU/ml such that dose de-
pendent effects could not be easily controlled in this step. Standardized phage susceptibility
methods are needed to support potential clinical implementation of phage therapy,
although no so such test yet exist. The variability observed in presently available methods
must be addressed as standardized methods are developed. One approach for abrogating
such variability is repeat testing, as performed herein. Another limitation of this study is the
experimental model in which anti-biofilm activity of phage was assessed. The establishment
of biofilms on a polystyrene substrate in nutrient broth bears little resemblance to the
microenvironment in which biofilms become established in the setting of PJI. Future studies
should examine whether phage activity is upheld against biofilms in plasma and synovial
fluid, and on more clinically relevant surfaces, to better recapitulate the context of infection.
Still, it should be noted there are not analogous standardized biofilm assays available in the
clinical microbiology laboratory for antibiotics at this time. Finally, the small number of iso-
lates comprising small-colony variants and nonadherent/weak and weak/moderate or mod-
erate biofilm formers limits the statistical power of these respective tests such that additional
studies are needed to draw definitive conclusions on the correlation between these pheno-
types and phage susceptibility.

In summary, a screen of seven commercially available S. aureus phages against a
large panel of PJI clinical isolates demonstrated phage-mediated activity against planktonic
and biofilm-associated bacteria. Results show that up to 73% of clinical isolates are phage sus-
ceptible planktonically and up to 100% of those demonstrating planktonic activity underwent

TABLE 6 Correlational analysis of biofilm phage susceptibility and oxacillin, linezolid, rifampin, daptomycin, clindamycin, and
levofloxacin susceptibilitya

Antibiotic
No. of antibiotic-
susceptible isolates

No. of antibiotic
intermediate isolates

No. of antibiotic-
resistant isolates Phage P value

Oxacillin 18 NA 7 ATCC 11988-B1 0.3047
48 NA 26 ATCC 19685-B1 0.6044
42 NA 15 ATCC 23360-B1 0.8444

Clindamycin 16 NA 9 ATCC 11988-B1 0.2620
52 NA 21 ATCC 19685-B1 0.9879
40 NA 17 ATCC 23360-B1 0.1331

Rifampin 25 NA 0 ATCC 11988-B1 NA
72 NA 2 ATCC 19685-B1 0.2638
56 NA 1 ATCC 23360-B1 0.5243

Daptomycin 11 NA 0 ATCC 11988-B1 NA
35 NA 0 ATCC 19685-B1 NA
24 NA 0 ATCC 23360-B1 NA

Levofloxacin 10 8 7 ATCC 11988-B1 0.5772b

29 22 23 ATCC 19685-B1 0.4102b

23 18 16 ATCC 23360-B1 0.7386b

Linezolid 12 NA 0 ATCC 11988-B1 NA
24 NA 0 ATCC 19685-B1 NA
25 NA 0 ATCC 23360-B1 NA

aThe Wilcoxon rank sum test with normal approximation was performed to assess correlation between oxacillin, linezolid, rifampin, daptomycin,
clindamycin, or levofloxacin susceptibility and biofilm phage response as measured by percent reduction under treated versus control conditions in
biological replicates, a = 0.05. NA, not applicable.

bKruskal-Wallis test with chi square approximation was performed to accommodate nonbinary levofloxacin susceptibility data.
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significant biomass reduction when treated with phage as in vitro biofilms. That nearly all iso-
lates susceptible to phage planktonically attain significant biomass reduction begs the ques-
tion as to whether biofilm phage susceptibility testing will be needed, at least for S. aureus.
Collectively, these findings justify further studies of phage in the setting of PJI and suggest
potential new phages for this approach.

MATERIALS ANDMETHODS
Bacterial isolates. 122 S. aureus PJI isolates collected at the Mayo Clinic between April 1999 and

February 2018 were tested (Table 1). Susceptibility to oxacillin, linezolid, rifampin, clindamycin, levofloxacin,
and daptomycin, performed as part of routine clinical practice, was recorded, where available. Bacteria, which
had been stored in Microbank vials (Pro-Lab Diagnostics, Round Rock, TX) at 280°C, were subcultured twice
onto BBL Trypticase Soy Agar with 5% Sheep Blood (TSA II) (Becton, Dickinson and Company, Sparks, MD) and
incubated at 37°C in room air for 24 h. Small-colony variants were previously characterized (72).

Phage stocks. Seven S. aureus phages from ATCC were studied (ATCC 23360-B1 [strain designation
15], ATCC 11988-B1 [strain designation P14], ATCC 27704-B1 [strain designation 6], ATCC 27703-B1
[strain designation 3C], ATCC 27695-B1 [strain designation 54], ATCC 27698-B1 [strain designation 75],
and ATCC 19685-B1 [strain designation K]). Phages were propagated from stocks as recommended by
ATCC. Briefly, lyophilized phages were reconstituted in 250 ml of overnight host culture suspended in tryptic
soy broth (BD BactoTM Tryptic Soy Broth [TSB] #211825, Franklin Lakes, NJ), and plated by the double agar
assay (75): phage and host were inoculated in cooled, molten 10 mM MgSO4 TSB containing 0.5% agar, which
was poured over solidified tryptic soy agar (TSA), and incubated overnight at 37°C in room air. To amplify
phage, plaques were scraped and resuspended in saline, followed by centrifugation at 15,000 rpm for 4 min.
Phage-containing supernatant was then 0.22 mm filter sterilized (Millex Millipore Sigma, Burlington, MA). Prior
to susceptibility testing, phage titers were determined by spotting 1 ml of 1:10 serial dilutions onto double
layer agar containing 250ml log-phase host.

Planktonic phage susceptibility testing. Plaque assay. Phage-bacteria combinations were eval-
uated by a spot assay modification of the double agar assay, in which 1 ml aliquots of each phage strain
($104 PFU/ml) were plated on double layer agar containing log-phase bacteria (76). Each bacterium in
the collection was exposed to each of the seven phages. Phage activity was recorded following over-
night incubation at 37°C in room air. Isolates for which phage spotting yielded plaques (P) or a zone of
clearance (ZC) were considered susceptible, while those for which phage spotting yielded no degree of
observable activity (NA) or a zone of growth attenuation (ZGA) were considered non-susceptible.
Scoring was conducted according to the following method (Fig. S1): NA, no activity; ZGA, some degree
of nondiscrete growth reduction was denoted as a zone of growth attenuation; P, discrete, quantifiable
puncta of total bacterial clearance were denoted as plaques; ZC, total bacterial clearance in a region of
any size (excepting discrete, individual plaques) was denoted as a zone of clearance. Planktonic reprodu-
cibility was determined by comparing phage activity scores across two replicates on different days for
each phage-bacterium combination. Isolates with any combination of ZC and/or P; or ZGA and/or NA
across replicates were designated as having consistent levels of phage activity. Phages that yielded con-
sistent activity in $25% of the collection were evaluated for anti-biofilm activity against isolates for
which planktonic activity had been observed (Fig. 1).

Biofilm phage susceptibility testing. Biofilm-associated cell quantitation. Three to five colonies
were added to 2 ml TSB and grown to log phase at 37°C with shaking (120 rpm) for 2 h. Liquid cultures
were diluted to 104 CFU/ml in cation-adjusted Mueller-Hinton Broth (CAMHB). One hundred fifty microli-
ters of bacterial diluent were added to wells of a sterile Falcon non-tissue culture treated flat-bottom 96-
well plate (Corning, Inc., Corning, NY) in triplicate per organism, and incubated under the same condi-
tions as above for 4 h at 37°C room air. Wells were emptied and rinsed once with sterile saline to remove
vegetative bacteria, then systematically scraped in 200 ml fresh 1X phosphate-buffered saline (PBS) and
quantitatively cultured to enumerate biofilm-associated cellular density. Bacterial concentration
expressed as the average CFU/well of each isolate tested in triplicate was used to compute the phage
concentration needed per well to attain the desired multiplicity of infection (MOI).

Biofilm phage susceptibility testing. Biofilms were prepared and grown as described above. Following
incubation, wells were rinsed once with PBS and treated with 200 ml phage (MOI =10; bacterial concen-
tration was calculated as the average CFU/well) suspended in 10 mM MgSO4 TSB. Control wells per plate
included a media sterility control, a phage sterility control, an antibiotic control (4 mg/ml rifampin), and a bio-
film positive control (Staphylococcus epidermidis RP62A). Plates were incubated for 24 h at 37°C, emptied, rinsed
once with saline, and dried overnight. Wells were stained for 1 min with 0.1% safranin, rinsed twice with sterile
water, and dried overnight. Finally, stained cells were resuspended in 30% glacial acetic acid and the OD492

measured (accuSkan GO Fisher Scientific, Waltham, MA). All testing was performed in duplicate on 2 days (for
a total of four tests per phage-bacterium combination in addition to control conditions). Prior to analysis, spec-
trophotometric data of each plate was normalized by subtracting the average reading of the media sterility
wells from each replicate of each condition.

Visual comparison of staining patterns across treatment conditions (i.e., safranin color intensity of
treated wells greater than, less than, or like that of untreated wells) performed on the same and different
days was recorded for each isolate. If treated versus untreated conditions did not yield the same pattern
across replicates from different days, inconsistent phage activity was recorded. Only combinations yielding
consistent findings across technical and biological replicates in addition to a standard deviation of the aver-
age percent reduction across biological duplicates less than or equal to 5% of the value of average reduction
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were included in statistical analyses measuring phage-mediated density reduction as well as the relationship
between phage response and strength of biofilm formation, small-colony-variant status, and antibiotic sus-
ceptibility. To exclude outliers of variability, isolates yielding inconsistent visual comparison results between
technical replicates in two or more tests were excluded from final analysis.

Statistical analysis. Planktonic phage susceptibility was correlated with small-colony-variant status
as well as susceptibility to oxacillin, clindamycin, rifampin, daptomycin, levofloxacin and linezolid sus-
ceptibility using Fisher’s exact test. Statistical significance of the effect of phage treatment on biofilm
biomass as measured by OD492 for each isolate was computed by the Wilcoxon rank sum test. All other
analyses were performed according to the percent reduction of OD492 in treated versus control conditions,
accounting for isolates whose standard deviation of the average percent reduction across biological duplicates
was less than or equal to 5% of the value of average reduction. The Wilcoxon rank sum test with normal approxi-
mation was used to determine the strength of association between biofilm phage susceptibility and small-col-
ony-variant status; the Wilcoxon rank sum test with normal approximation, as well as the Kruskal-Wallis test with
chi square approximation, was used to determine the strength of association between biofilm phage susceptibil-
ity and antibiotic susceptibility. The Wilcoxon signed rank test was used to interrogate the association between
biofilm forming status and phage susceptibility, based on the percent reduction of OD492 in treated versus control
conditions, accounting for isolates whose standard deviation of the average percent reduction across biological
duplicates was less than or equal to 5% of the value of average reduction. Replicates were assigned to categories
of biofilm formation based on a method established by Stepanovic et al. (68), modified to accommodate the pos-
sibility that an isolate be assigned to adjacent categories among replicates due to experimental variation within
normal range (0 = nonadherent or weak biofilm formers; 1 = weak/moderate or moderate biofilm formers; and
2 = moderate/strong or strong biofilm formers). Isolates whose biological replicates yielded the same categorical
assignments were evaluated for statistical associations between biofilm formation strength and phage suscepti-
bility. The Wilcoxon exact test was performed to assess correlation between oxacillin, clindamycin, rifampin, dap-
tomycin, levofloxacin (in addition to the Kruskal Wallis test), and linezolid susceptibility and biofilm phage suscep-
tibility as measured by average percent reduction under treated versus control conditions across biological
replicates. Antibiotic susceptibilities were interpreted using the Clinical and Laboratory Standards Institute (CLSI)
2021 MIC breakpoints. All tests were two sided with a = 0.05 and P values#0.05 were considered statistically sig-
nificant. Analyses were performed using JMP 14.1.0 software (SAS Inc., Cary, NC), and figures were prepared using
GraphPad Prism 8.4.2 software (GraphPad Software, San Diego, CA).
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