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ABSTRACT Staphylococcus aureus is an opportunistic pathogen that causes a wide
range of infections and food poisoning in humans with antibiotic resistance, specifically
to methicillin, compounding the problem. Bacteriophages (phages) provide an alternative
treatment strategy, but these only infect a limited number of circulating strains and may
quickly become ineffective due to bacterial resistance. To overcome these obstacles, engi-
neered phages have been proposed, but new methods are needed for the efficient trans-
formation of large DNA molecules into S. aureus to “boot-up” (i.e., rescue) infectious
phages. We presented a new, efficient, and reproducible DNA transformation method,
NEST (non-electroporation Staphylococcus transformation), for S. aureus to boot-up puri-
fied phage genomic DNA (at least 150 kb in length) and whole yeast-assembled synthetic
phage genomes. This method was a powerful new tool for the transformation of DNA in
S. aureus and will enable the rapid development of engineered therapeutic phages and
phage cocktails against Gram-positive pathogens.

IMPORTANCE The continued emergence of antibiotic-resistant bacterial pathogens has
heightened the urgency for alternative antibacterial strategies. Phages provide an alternative
treatment strategy but are difficult to optimize. Synthetic biology approaches have been
successfully used to construct and rescue genomes of model phages but only in a limited
number of highly transformable host species. In this study, we used a new, reproducible,
and efficient transformation method to reconstitute a functional nonmodel Siphophage
from a constructed synthetic genome. This method will facilitate the engineering of
Staphylococcus and Enterococcus phages for therapeutic applications and the engineering of
Staphylococcus strains by enabling transformation of higher molecular weight DNA to intro-
duce more complex modifications.

KEYWORDS bacteriophage assembly, bacteriophage genetics, phage engineering,
synthetic biology, transformation

Infections caused by Staphylococcus aureus are difficult to treat due to an increased
rate of antibiotic resistance and the bacterium’s ability to quickly adapt to changing

conditions (1, 2). Of particular concern are infections caused by methicillin-resistant S.
aureus (MRSA), which account for over 300,000 hospitalizations and over 10,000 deaths
in the US (3). The use of bacteriophage (phage), viruses that infect bacteria as an alter-
native therapy to treat antibiotic-resistant bacterial pathogens has gained a clinical
resurgence (4, 5). Although these recent reports note success in treating otherwise ter-
minal infections, there is still the problem of finding the right phage that infects the
strain of interest. To overcome this obstacle, the engineering of phages using synthetic
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genomics methods has been demonstrated (6–8). For this approach to be successful,
transformation and boot-up (i.e., rescue) of the synthetic or recombinant genome (i.e.,
packaging of the genome into an infectious virion) in S. aureus must be efficient.
Several methods to transform Staphylococci have been developed, including electro-
poration (9–15), calcium-dependent (16–21), partial cell wall removal (22), protoplast
fusion (23–27), and “natural” competence (28–32), but these are inefficient and require
large amounts of purified DNA (e.g., 3 to 24 mg) and are prohibitive to the transforma-
tion of large (i.e.,.100 kb) phage genomes.

For model phages of model organisms, boot-up of recombinant or modified phage
genomic DNA can occur by in vivo packaging following the transformation of highly
competent cells or by in vitro packaging systems. Transformation by electroporation or
chemical competence works well for phages of easily transformable Gram-negative
bacteria (e.g., Escherichia coli and Klebsiella pneumoniae) (33–36) and for the Gram-pos-
itive bacterium Mycobacterium smegmatis (37, 38). However, for phages of other more
difficult to transform bacteria (e.g., S. aureus and Enterococcus faecalis), transformation
represents a major bottleneck for phage genome engineering (6). The use of in vitro
transcription-translation systems for phage boot-up is even more limited, having only
been successful with E. coli phages (39–44).

Since the 1960s, phages of Bacillus subtilis were shown to boot-up (i.e., transfect)
using methods that take advantage of natural competence in B. subtilis (45, 46). The
mechanism of natural competence in B. subtilis has been well studied (47–49), and the
conditions and genetics needed to bolster the expression of competence genes for ef-
ficient transformation in B. subtilis have also been worked out (50, 51). However, in S.
aureus, despite having homologs to conserved components for natural competence
(28), the conditions and gene regulation needed to induce high-level expression of
natural competence are unknown (29, 30). Low-level transfection using 10mg of phage
44AHJD DNA was observed from S. aureus cells treated with lysostaphin (22), and
transfection was observed using a high concentration of f 80a DNA (i.e., 10 mg/mL)
only on calcium-treated S. aureus cells lysogenized with f 11 (16, 18).

The production of L-form Listeria monocytogenes has been reported to enable boot-
up of Listeria and Bacillus phages from synthetic DNA and “reactivation” (i.e., transfec-
tion) of S. aureus phage K from virion-derived DNA (52). Our attempts to generate L-
forms of L. monocytogenes EDGe or S. aureus RN4220 capable of transforming either
plasmid DNA or “reactivation” of phage K DNA isolated from virions were unsuccessful
presumably because multiple mutations are required to make stable competent L-
forms. Because L-forms have deficient cell walls and can resemble protoplasts (53), en-
zymatic treatment with lysozyme and b-lactam antibiotics can produce L-form bacteria
without the need for selection of complex mutants that produce L-forms (54).

We described a new method that utilizes enzymatic treatment with ampicillin and lyso-
zyme, NEST (non-electroporation Staphylococcus transformation), for the transformation of
plasmid and phage DNA (at least 150 kb) into S. aureus. The method was faster, easier, more
robust, and more reproducible than producing permanent L-form cells as well as more effi-
cient and less expensive than electroporation. Lastly, we showed that this method enabled
reproducible boot-up of synthetic S. aureus phages and cross-genus boot-up of E. faecalis
phages by S. aureus cells for use in bioengineering.

RESULTS
NEST versus electroporation. The efficiency of the NEST method was compared with

a widely used electroporation method to transform plasmid DNA into restriction-deficient
S. aureus RN4220 (Fig. 1) (10). The effect of increased DNA concentration on the efficiency
of transformation was tested for plasmids differing in size and selectable markers (Table 1).
For NEST, S. aureus cells were grown in hypertonic HI-sucrose media to late log phase
growth followed by treatment with ampicillin and lysozyme. NEST demonstrated a 10- to
128-fold, 56- to 618-fold, and 27- to 68-fold increase in transformation efficiency compared
to the electroporation method for pCM28 (5.6 kb), pCAS9counter (9.5 kb), and pGF35
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(9.0 kb), respectively (Fig. 2). A linear relationship was observed between the amount of
plasmid DNA and transformation efficiency for both plasmids. NEST was able to transform
S. aureus with as little as 10 ng of E. coli-purified pCAS9counter, which did not transform by
electroporation with this amount of DNA.

NEST does not depend on polyethylene glycol (PEG). PEG-mediated DNA uptake
has been widely used in bacteria and yeast transformations (55). Previously, it was noted
that PEG is indispensable for the attachment of the DNA around intact cells and sphero-
plasts in yeast and increases the transformation efficiency (56) and to transform DNA by
fusion of S. aureus protoplasts (23–27). To test whether PEG is required for NEST, we per-
formed transformation experiments of pCM28 in RN4220 competent cells and calculated
the transformation efficiency. NEST without PEG produced 1.33 � 104 6 2.00 � 102 trans-
formants per 108 colony forming unit (CFU) while NEST with PEG produced 2.24 � 104 6
5.37 � 103 transformants, which was an;2-fold increase in transformation efficiency com-
pared with the same competent cells without PEG.

NEST of other S. aureus strains. Because many clinically relevant S. aureus strains
are refractory to DNA transformation by standard methods, due to clonal complex-spe-
cific restriction-modification (R-M) systems (57, 58), we tested the ability of NEST to
transform plasmid DNA into methicillin-susceptible S. aureus (MSSA) and MRSA iso-
lates. MRSA S. aureus strains JE2 (CC8, (59)), Mu50 (CC5) and MW2 (CC1) and MSSA S.
aureus strains MRSN 7983 (CC8) and HER1049 (CC25 (60)) were transformed with S. aur-
eus-grown plasmid DNA using the NEST method and the transformation efficiency was
determined (Fig. S1). For all strains tested, NEST had a greater transformation efficiency
than electroporation by as much as 3 logs. For NEST, MW2 (CC1) and HER1049 (CC25)
had the lowest transformation efficiency (;2 logs lower than CC8 strains) but ;2 logs
better than electroporation. There was no difference between MRSA and MSSA strains.
Electroporation performed the worst on Mu50 (CC5), MW2 (CC1), and HER1049 (CC25).

TABLE 1 Plasmids used in this study

Plasmids
Origin of replication
(S. aureus, E. coli) Selective marker Size (bp) Reference

pCM28 pC194, ColE1 Chloramphenicol (12.5mg/mL) in S. aureus, Ampicillin (50mg/mL) in
E. coli

5594 (77, 85)

pCAS9counter E194ts, ColE1 Erythromycin (10mg/mL) in S. aureus, Ampicillin (50mg/mL) in E. coli 9533 (79)
pGF35 (pMSP3535-GFP) pAMb1, ColE1 Erythromycin (10mg/mL) in S. aureus, Erythromycin (300mg/mL) in

E. coli
9016 (78)

FIG 1 Overview of NEST. (A) The basic steps needed to make stocks of S. aureus competent cells by NEST. (B) Frozen competent
cells are thawed, incubated with either plasmid or phage DNA and PEG before plating as indicated. See Material and Methods for
details.
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Long-term stability of NEST competent cells. An important utility of competent
cell preparation is long-term stability and reliability without the need to prepare fresh
cells for each experiment. We performed NEST on competent cells stored at 280°C af-
ter 1 year using pCM28, and there was no significant reduction in transformation effi-
ciency at lower DNA concentrations of DNA and less than a log difference at 0.5 and
1mg of DNA (Fig. S2).

Transfection of S. aureus phage genomic DNA. Satisfying the need for an efficient
transformation procedure for S. aureus, we next tested whether NEST was capable of
transfecting (i.e., transforming and booting-up) virion-purified phage DNA. We used
gDNA of Siphophage SA75 and Myophage K whose genome sizes are 43 kb and
148 kb, respectively. Purified phage gDNA was mixed with NEST competent S. aureus
RN4220 cells and PEG. The sample was incubated at room temperature (RT) for 24 h to
allow for DNA uptake, phage gene expression, and packaging. This workflow is illus-
trated in Fig. 3A For phage K transfection, we mixed S. aureus MRSN 7983 as an indica-
tor host strain with the transfection supernatant, whereas SA75 phage plaque forma-
tion was observed on S. aureus RN4220 as its indicator host strain. We were able to
observe plaque formation within 24 to 36 h for both SA75 and phage K (Fig. 3B). SA75
produced more plaque-forming units (PFU) than phage K. The total time frame for the
complete experiment from the preparation of competent cells, transformation, and
boot-up was less than 4 days. Similar to plasmid transformation, we found a linear cor-
relation between phage gDNA quantity and phage plaque production for both SA75
and phage K (Fig. 3C). With as little as 100 ng of gDNA, NEST produced ;100 PFU per
108 competent cells.

Boot-up of yeast-assembled S. aureus phage genomes. To further evaluate the
efficiency of the NEST method in phage engineering, we tested the ability of NEST to
transform and boot-up a synthetic phage genome. A synthetic SA75 phage genome
was constructed as a single fragment (SA75YC) as well as four overlapping fragments
assembled into a complete genome (SA75YA) by transformation-associated recombi-
nation (TAR) cloning (Fig. 4 and Fig. S3). Because the packaged phage genome is termi-
nally redundant, a terminal repeat fragment was generated using PCR and added to

FIG 2 Comparison of NEST versus electroporation transformation methods. The effects of DNA amount
and size on the efficiency of transformation between NEST and electroporation were determined using
different amounts (10 ng, 100 ng, 500 ng, and 1,000 ng) of plasmids pCM28, pCAS9counter, and pFG25
purified from E. coli DH10B. For the NEST method, plasmids were transformed using a 20% PEG solution
to the S. aureus RN4220 competent cells prepared using HI seed media. For electroporation, the
electrocompetent cells prepared with B2 media were electroporated (2.3 kV, 100 X, 25 mF) with the
indicated plasmids. Cells were plated on NYE media plates with 12.5 mg/mL chloramphenicol for pCM28
and 10 mg/mL erythromycin for pCAS9counter and pGF35 and incubated at 30°C for 24 to 48 h. Each data
point represents the mean from three independent experiments (except for pGF35 electroporation, which
had two independent experiments), and the error bars indicate standard error.
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make identical direct repeats at both ends of the genome (Fig. S3). The synthetic
genomes with the terminal repeat sequences were assembled in yeast and trans-
formed into E. coli to obtain a higher yield of the cloned circular phage genome.
SA75YC and SA75YA boot-up efficiency were 5.5-fold and 8-fold times higher than the
SA75gDNA, respectively (Fig. 4).

Cross genus transfection of phages using NEST. To further explore the utility of
the NEST method to rescue other Gram-positive phages, we transfected gDNA of E. fae-
calis phages vB_EfaS_Ef5.1 (41.1 kb), vB_EfaS_Ef5.2 (41.4 kb), vB_EfaS_Ef5.3 (39.1 kb),
vB_EfaS_Ef5.4 (40.6 kb), and vB_EfaS_Ef6.4 (41.1 kb) (61) in S. aureus competent cells.
We were able to efficiently transfect/boot-up all the above potentially therapeutic
phages and infect their original host strains E. faecalis AH5 or AH6 (61) (Fig. 5).

DISCUSSION

The transformation of purified phage virion gDNA and subsequent packaging is
called transfection. While methods were devised in the early 1970s to transfect S. aur-
eus, they were limited to certain laboratory strains lysogenic for f 11 (18). Other meth-
ods of S. aureus transformation required the use of expensive and dose-sensitive lysos-
taphin to make protoplasts (23) and PEG for the fusion of the protoplasts (23–27). The
most widely used method of S. aureus transformation has been electroporation, with

FIG 3 Transfection of S. aureus phage genomic DNA using NEST. (A) Workflow of the boot-up of S. aureus phage genomic DNA using NEST method.
Phenol-chloroform extracted gDNA was transformed into S. aureus competent cells using 20% PEG solution. After a brief incubation, PEG solution was
removed using centrifugation, and pellets were dissolved in HI seed media. Samples were incubated at RT for 24 h followed by the top agar overlay
method and plates were incubated at 30°C for 24 to 48 h to visualize the plaques. (B) phage SA75 and phage K were booted-up using 100 ng of gDNA
and between 1.13 � 108 to 6.13 � 108 CFU of S. aureus competent cells prepared by the NEST method. S. aureus MRSN 7983 was used as an indicator
strain for phage K. (C) Efficiency of boot-up was determined by calculating the plaques per 108 CFU using different amounts of gDNA of phage SA75 and
phage K. Each data point represents the mean from three independent experiments, and the error bars indicate standard error.
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the Schenk and Laddaga method being highly cited in the literature (10). We
attempted transfection of phage SA75 DNA by electroporation with no success. This
was likely due to the increased size of the phage genomic DNA (;40 to 150 kb DNA)
compared to the ;5.5 kb plasmid (62). We next attempted to transfect SA75 DNA into
Listeria monocytogenes EDGe L-forms following a procedure described previously (52,
63–65) but were again unsuccessful. Cells producing the characteristic “fried egg”
appearance were made but were never competent, even for plasmid DNA. In addition
to Listeria, we attempted to make S. aureus L-forms using a similar approach with no
successful transformation of plasmid or transfection of phage DNA. We suspected that
the formation of stable L-form bacteria requires multiple mutations that are difficult to
obtain. Because L-forms are deficient in cell walls and can resemble protoplasts (53),
enzymatic treatment with lysozyme and b-lactam antibiotics can produce L-form bac-
teria without the need for selection of complex mutants that produce L-forms (54). We
adapted the use of ampicillin, lysozyme, and sucrose that can make efficient electro-
competent Listeria (66) but omitted the electroporation step. The new method of
transformation, called NEST, allows for robust and reproducible booting-up of engi-
neered phage of Gram-positive bacteria for therapeutic, sanitation, and diagnostic
purposes.

The NEST method showed a 10- to 618-fold increase in transformation efficiency
compared with the electroporation method for plasmids with sizes of 5.5 and 9.5 kb.
NEST was better at transforming the larger plasmid and could transform both clinically
derived MSSA and MRSA isolates, further increasing the utility of this method.
However, the efficient transformation of these non-laboratory strains has traditionally
been passaging of plasmids through RN4220 before the transformation of clinical iso-
lates to provide CC8-specific methylation patterns or more recently, the use of IMXXB
E. coli strains that mimic methylation patterns of CC1, CC8, and CC30 S. aureus isolates
(67).

FIG 4 Boot-up of yeast-assembled synthetic S. aureus phage genomes using NEST. (A) The boot-up of either the whole yeast cloned (YC) or yeast
assembled (YA) genomes of phage SA75 is depicted. To make SA75YC, cloned SA75 DNA, a PCR-generated repeat fragment, and a linear Ycp/BAC vector
harboring terminal homology to the phage DNA and unique restriction site (ISce-I) were transformed into S. cerevisiae (yeast). Similarly, to make SA75YA,
TAR-cloned fragments are transformed into yeast with the linear Ycp/BAC vector. DNA from positive clones was transformed into E. coli DH10B cells to
produce high concentration plasmid stocks. These plasmids were further transfected/transformed into S. aureus competent cells using the NEST method,
incubated at RT for 24 h, and plated using the agar overlay method to observe plaques. (B) To determine the efficiency of boot-up of SA75 DNA isolated
from packaged genomes and synthetic genomes, 100 ng of DNA was incubated with 1.13 � 108 CFU of NEST competent cells for 30 min before plating.
The efficiency of boot-up was computed by calculating the number of plaques formed per 108 CFU. Each data point represents the mean from three
independent experiments, and the error bars indicate standard error.
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There are several examples of bacteria capable of importing foreign DNA via an
active transport mechanism (68). However, unlike Bacillus subtilis, conditions for high-
efficiency natural transformation of S. aureus have remained elusive (29, 30). While we
do not know the mechanism of transformation by NEST, we do know that none of the
buffers used in NEST have enough Ca21 (e.g., 0.1 M (19)) to enable the transformation
of S. aureus. Additionally, the requirement for a f 11 prophage to enable transforma-
tion (18) is not met because S. aureus strain RN4220 has been cured of prophages (and
validated by searching the genome sequence using Phage_Finder (69)). Lastly, NEST
functions without the addition of PEG. Although NEST uses PEG in the standard

FIG 5 Cross-genus transfection of E. faecalis phage genomic DNA using NEST. Appropriate amount
(100 to 200 ng) of E. faecalis phage f 5.1, f 5.2, f 5.3, f 5.4 and f 6.4 gDNA was transformed into S.
aureus cells (;9 � 108 CFU) using the NEST method and incubated for 24 h at 23°C. (A)
Transformants were mixed with the corresponding indicator strain (E. faecalis AH5 for f 5.1, f 5.2,
f 5.3, and f 5.4, or AH6 for f 6.4) and plated on BHI media using the top agar overlay method and
incubated at 30°C for 24 to 48 h to observe the plaques. The control plate (Cntl) was a lawn of S.
aureus RN4220 cells mixed with E. faecalis AH5 lacking phage DNA. (B) The efficiency of boot-up was
determined by calculating the number of plaques per 108 CFU of NEST competent cells of each E.
faecalis phage and SA75 for comparison. Each data point represents the mean from three
independent experiments, and the error bars indicate standard error.
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protocol, when omitted, we still get more transformants than with electroporation
(Fig. S1). PEG is also not required for phage boot-up (data not shown).

As with any method of transformation, the efficiency of NEST is at the mercy of
restriction systems that are present in the recipient S. aureus strains. However, NEST
seems to be able to overcome some restriction pressure in the tested strains. The
observed patterns of transformation efficiency can be explained with respect to the
known CC-specific restriction systems (58). CC8 strains carry one restriction system in
common with both CC5 (i.e., CC5-1, ATC[N]5CCT) and CC1 (i.e., CC1-2, CCAY[N]6TGT)
strains. RN4220, a CC8 strain, should methylate these recognition sites if present on
the plasmid of interest. In our case, pCM28 had 1 CC5-1 site and 2 CC1-2 sites based
on the plasmid DNA sequence (GenBank accession number MN956986). In addition to
these recognition sites, CC5 also encodes CC5-2 (CCAY[N]6GTA) and CC1 also encodes
CC1-1 (CCAY[N]5TTAA). The plasmid pCM28 does not have the CC5-2 recognition
sequence, but has 1 predicted CC1-1 site, making it vulnerable to restriction by the
CC1-1 restriction system. From these known recognition site patterns, we predict that
pCM28 would be protected from restriction in Mu50 (CC5) with CC5-1 methylated and
CC5-2 missing. However, the efficiency of transformation is not as good as for RN4220
or JE2 (both CC8 strains) but is equivalent to MRSN 7983 (CC8). Perhaps this may be
due to differences in cell preparation or other factors that influence competence by
NEST. Curiously, the electroporation transformation efficiency of Mu50 was much
worse compared to CC8 strains. The patterns of known restriction recognition sites do
not explain this difference, which suggests that there is another explanation for the
observed differences by electroporation. For MW2 (CC1) NEST transformation, we did
observe a 2-log reduction in transformation efficiency compared to CC8 strains, which
may be explained by the presence of the CC1-1 recognition site on pCM28.

The restriction deficient and methylation competent RN4220 has historically been
used as an intermediate strain for plasmid transfer and phage transduction assays (70).
Among other mutations in RN4220 (71), two restriction factors, HsdR from a type I
restriction system and SauUSI from a type IV system, were inactivated via chemical mu-
tagenesis (70, 72–74). Although IMXXB E. coli strains are available that remove cytosine
methylation recognized by type IV RM systems of S. aureus and methylate adenine resi-
dues recognized by type I RM systems of specific S. aureus clonal complexes (67), we
needed the booted-up progeny phages to incorporate these protective measures
rather than the input DNA undergoing boot-up. In other words, the methylation or re-
moval of methylation must occur in the boot-up host strain, RN4220, for the resulting
phages to be protected from restriction in the target host strains. NEST seems to be
limited to S. aureus, perhaps further suggesting that it may function through a S. aur-
eus-specific DNA uptake pathway or that we have issues with restriction systems differ-
ent from the S. aureus.

The NEST method of transforming plasmid DNA and transfecting phage DNA has sev-
eral advantages over existing methods, such as being (i) capable of transforming relatively
large DNA (.10 Kbp) into S. aureus (the largest tested was ;150 Kbp), (ii) less expensive
than electroporation (i.e., no cuvettes, electroporator) and lysostaphin-based protoplasting
methods, (iii) faster than methods using permanent L-form cells, (iv) stable at 280°C for at
least 1 year, and (v) reproducible. We were able to efficiently transfect morphologically
diverse Myoviridae phage K and Siphoviridae SA75 with genome sizes of 148 kb and 43 kb,
respectively. However, we observed increased PFU in a dose-dependent manner of DNA
addition only for phage K (Fig. 3C). While we do not fully understand the reason why SA75
boots-up less than phage K when using 1,000 ng of DNA, we hypothesize that it may have
to do with differences in phage development because phage K is a virulent phage while
SA75 is a temperate phage. Perhaps as more temperate phage genomes enter a cell (i.e.,
high MOI), they form lysogens (75) or pseudolysogens. However, we have not observed
the lysogenization of RN4220 by SA75.

NEST also enabled boot-up of the synthetic SA75 TAR-cloned phage genome but was
unable to boot-up a cloned phage K genome. Several yeast-cloned phage K fragments
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and the complete genome were unable to propagate in E. coli. We were also unable to iso-
late pure cloned phage K from yeast that was free from yeast chromosomal DNA. The
copy number of cloned phage K in yeast may also be contributing to low yield because
the YCpBAC contains a yeast centromeric origin of replication rather than the 2 mm origin
or replication. Because phage-purified phage K DNA can be booted-up in S. aureus, this
suggests that the inability of cloned phage K to be rescued may be due to issues with tox-
icity in E. coli and with purification of large DNA from yeast than with size. In addition to
booting-up the native and synthetic Staphylococcus phages, the NEST method demon-
strated the efficient cross-genus boot-up of Enterococcus phages.

MATERIALS ANDMETHODS
Bacterial strains, bacteriophage, and plasmids. S. aureus RN4220 (ST8/CC8, NR-45946) and S. epi-

dermidis SK135 (HM-118) were obtained from BEI Resources. S. aureus strains Mu50 (ST5/CC5) and MW2
(ST1/CC1) were obtained from the JCVI PFGRC strain collection. S. aureus bacteriophage SA75 was
obtained from Sangryeol Ryu, Seoul National University, Seoul, South Korea (76). E. faecalis bacterio-
phage DNA and host strains AH5 and AH6 were obtained from Bernd Schnabl, University of California-
San Diego (UCSD), USA (61). S. aureus HER1049 (ST25/CC25) was obtained from Félix d'Hérelle Reference
Center for Bacterial Virus (QC, Canada). S. aureus MRSN 7983 (ST8/CC8), pCM28 (77), and phage K were
obtained from Mikeljon Nikolich, WRAIR, USA. Plasmid pGF35, pMSP3535 (Addgene plasmid number
46886) (78) with GFP inserted, was provided by Roy Stevens, Kornberg School of Dentistry, Temple
University, USA. pCAS9counter was a gift from Steve Salipante (Addgene plasmid number 107192) (79).
For S. aureus plasmid selection, we used chloramphenicol (12.5 mg/mL) or erythromycin (10 mg/mL) and
for E. coli propagation of plasmids, ampicillin (50 mg/mL) or erythromycin (300mg/mL) was used.

Isolation of plasmid and phage DNA. Phage genomic DNA was purified as previously described
with a few modifications (76). In brief, 500 mL of phage lysate (titer ;109 PFU/mL) was treated at 37°C
for 1 h with 125U of Benzonase (Sigma), 10 U of rDNase-I (Invitrogen), and 10 mL of RNase cocktail solu-
tion (Invitrogen) to remove residual S. aureus host DNA and RNA. Benzonase was deactivated by treating
the sample with 50 mL of 0.5 M EDTA and 50 mL 0.5 M EGTA at 70°C for 10 min. Proteinase K (New
England BioLabs Inc., Ipswich, MA) and SDS were added to final concentrations of 50 g/mL and 0.5%
SDS was added and incubated at 56°C for 1 h followed by phenol-chloroform DNA purification. DNA pu-
rity was confirmed by restriction digestion and agarose gel electrophoresis.

Plasmids propagated in E. coli DH10B were extracted using the PureLink HiPure Plasmid Midiprep kit
(Invitrogen, Vilnius, Lithuania) following the manufacturer’s recommended procedure. Plasmids from S.
aureus were also extracted with the same kit with minor modifications. In brief, S. aureus was cultured in
100 mL heart infusion (HI) broth and grown until the optical density at 600 nm (OD600) was between 1.9
and 2.0. Cells were pelleted by centrifugation at 2,429 � g for 10 min at room temperature (23°C) and
resuspended in 4 mL of Buffer R3 with 200 mg of Lysostaphin (Sigma-Aldrich, MO, USA) and 40 mg of ly-
sozyme (Sigma-Aldrich, MO, USA) and incubated at 37°C for 1h. Subsequent procedures were followed
as described in the manufacturer's recommended procedure.

Electroporation procedure. S. aureus cells were made electrocompetent as described previously
(10). In brief, 4 mL of an overnight-grown culture of S. aureus strain RN4220 grown in B2 broth was
diluted 1/25 into to 96 mL of the same broth and incubated at 37°C with constant aeration (180 RPM)
until they reached mid-log-phase of growth (OD600 ;0.5). Cells were harvested by centrifugation at
8000 � g at room temperature (23°C) for 20 min. Cells were washed three times with an equal volume
of sterile deionized water, followed by two washes with 1/5 and 1/10 volumes of 10% glycerol solution.
Cells resuspended in a 10% glycerol solution were incubated at room temperature (23°C) for 15 min.
Cells were centrifuged again, and the pellet was resuspended in 3.2 mL of 10% glycerol solution and ali-
quoted into 70 mL and frozen at280°C.

For electroporation, 70 mL of electrocompetent cells were mixed with 10 to 1000 ng of plasmid DNA
and 60 mL of this cell-DNA mix (;9 � 108 CFU) was transferred to 0.1 cm gap electroporation cuvette
(Bio-Rad, CA). The cuvette was placed into a Gene Pulser Xcell (Bio-Rad, CA) and electroporated at 2.3
kV, 100 X resistance with 25 mF capacitance. The cells were resuspended in 390 mL of B2 broth trans-
ferred to 15 mL tubes and incubated at 30°C for 1 h. The cells were plated on NYE media plates (80) with
12.5 mg/mL chloramphenicol for pCM28 or 10 mg/mL erythromycin for pCAS9counter and pGF35 and
incubated at 30°C for 24 to 48 h.

NEST competent cell preparation. This procedure was inspired by a method to electroporate
Listeria monocytogenes (66) but modified with four key differences, including the use of HI media (Bacto
Heart Infusion broth BD-238400) instead of BHI media, growth temperature (30°C instead of 37°C), cells
grown to saturation rather than early log phase, and elimination of the need for electroporation. A single
colony of S. aureus strain RN4220 was grown in a 50 mL conical tube containing 5 mL of HI at 37°C with
aeration (225 RPM) for 8 h. This culture was subcultured in a 2 L Erlenmeyer flask containing 500 mL of
HI seed media (autoclaved HI broth, pH 7.4 supplemented with 500 mM sucrose [Sigma-Aldrich S9378]
and 0.2 mm filtered) at 1:1000 dilution and incubated with aeration (225 RPM) at 30°C overnight. The
concentration of cells was then adjusted to an OD600 of 2.0 with fresh HI seed media. Ampicillin (Sigma-
Aldrich A9618) was added to a final concentration of 10 mg/mL and incubated with aeration at 30°C for
another 2 h before being chilled on ice for 10 min and harvested by centrifugation (5,500 � g, 4°C,
15 min). The cell pellet was washed in 100 mL of ice-cold washing buffer (1 mM HEPES [Sigma-Aldrich
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H8651], 500 mM sucrose, pH 7.0) without resuspending and centrifuged for another 10 min. This cell pel-
let was resuspended in 20 mL of wash buffer, transferred to a 50 mL conical tube and washed with an
equal volume of ice-cold wash buffer, centrifuged again for 10 min, and gently resuspended with incre-
mental addition of wash buffer to a final volume of 50 mL. Before the addition of lysozyme, the cells
were mixed by gentle inversion five to six times. Lysozyme (Sigma-Aldrich L6876) was added to a final
concentration of 10 mg/mL (47,080 units/mg) and incubated without shaking at 37°C for 20 min. To
remove the lysozyme, cells were pelleted by centrifugation (3,500 � g, 4°C, 10 min) and washed with
ice-cold wash buffer twice. The cells were resuspended in 2.5 mL of ice-cold resuspension solution
(1 mM HEPES, 500 mM sucrose, 10% glycerol [Fisher BP-229-1], pH 7.0) using wide-bore pipette tips and
frozen at 280°C in 50 mL aliquots. All subsequent manipulations of the cells were performed with wide-
bore pipette tips.

NEST transformation of plasmid DNA. A 50 mL of an aliquot of frozen competent cells was thawed
on ice for 10 min. Half of the volume was transferred to a new tube and 175 mL of ice-cold resuspension
solution was added. This equates to ;9 � 108 CFU per transformation. Plasmid DNA (10 to 1000 ng) was
added to the cells, mixed using wide-bore pipette tips and incubated at room temperature (i.e., 23°C)
for 10 min followed by the addition of 900 mL of 20% PEG solution (20% PEG 8,000, 1 mM HEPES,
500 mM sucrose, 10% glycerol, pH 7.0). The tube was gently inverted eight to 10 times to resuspend the
cells and incubated at room temperature for 20 min. Cells were pelleted in a microcentrifuge at
2,300 � g at room temperature for 5 min. The supernatant was discarded, and residual PEG was
removed by pipette following quick centrifugation. The cell pellet was carefully resuspended in 1 mL of
HI seed medium and incubated statically at 30°C for 30 to 60 min. The cells were plated on HI media
plates with 12.5 mg/mL chloramphenicol for pCM28 or 10 mg/mL erythromycin for pCAS9counter and
pGF35 and incubated at 30°C for 24 to 48 h.

Transformation efficiency. Transformation efficiency was calculated by first determining the number
of transformants (CFU for plasmids and PFU for phages) per volume plated and then multiplying by the total
volume in the transformation mixture (1 mL) and any dilution factor used. This number was divided by the
number of viable bacterial cells used in the transformation mixture to get the number of transformants per
cell. This number was multiplied by 108 to get the number of transformants per 108 cells.

Construction of a synthetic phage SA75 genome. Cloning of phage SA75 was performed using
TAR cloning in yeast (81, 82). Oligonucleotide primers (Table S1) were designed to generate overlapping
fragments to assemble the SA75 genome (i.e., SA75YA) and clone SA75 in one piece (i.e., SA75YC) into
yeast using methods previously described (83, 84). PCR-positive clones were transformed into E. coli
DH10B to obtain a high yield of purified plasmid DNA. Cloned phage genomes were further validated by
digestion with I-SceI, which is a rare cutter that excises the cloned phage genome, and other restriction
enzymes unique to the phage genome. Terminal direct repeats of 500 bp were added to the ends of the
phage genome using a similar TAR cloning procedure. The final assembled genome was confirmed by
PCR, restriction digests, Sanger sequencing of select regions, and Illumina sequencing.

Boot-up S. aureus and E. faecalis phages using S. aureus competent cells. Phage DNA was trans-
formed into S. aureus RN4220 competent cells as described above for plasmid DNA, except that follow-
ing the addition of HI seed media for recovery, the cells were incubated at room temperature (i.e., 23°C)
instead of 30°C for 30 min to 24 h as noted in the figure legends. The number of cells that are used in
the transformation mix varied from 1.13 � 108 CFU to 9 � 108 CFU as noted in the figure legends. For S.
aureus phage SA75 boot-up, we removed 200 mL of the transformation mix and plated using the top
agar overlay method. For boot-up of E. faecalis phages,100 to 200 ng of DNA was used, and the transfor-
mation mix was centrifuged at 4,500 � g at room temperature for 10 min to separate released phage
from the S. aureus RN4220 boot-up cells. The booted-up phages were propagated by mixing 100 mL of
the supernatant with 100 mL of log-phase cultured phage propagation host strain (i.e., E. faecalis AH5 or
AH6) and plated on BHI media using the top agar overlay method. The plates were incubated at 30°C for
24 to 36 h for plaque formation.

Data availability. Newly determined plasmid sequence data have been deposited in GenBank under
accession number MN956986, and sequences for the synthetic yeast-assembled SA75 phage genome have
been deposited in GenBank under accession number OL638402 as well as illustrated in Fig. S3.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 9.8 MB.
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