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ABSTRACT Streptococcus pneumoniae rapidly kills Staphylococcus aureus by produc-
ing membrane-permeable hydrogen peroxide (H2O2). The mechanism by which S.
pneumoniae-produced H2O2 mediates S. aureus killing was investigated. An in vitro
model that mimicked S. pneumoniae-S. aureus contact during colonization of the na-
sopharynx demonstrated that S. aureus killing required outcompeting densities of S.
pneumoniae. Compared to the wild-type strain, isogenic S. pneumoniae ΔlctO and S.
pneumoniae ΔspxB, both deficient in production of H2O2, required increased density
to kill S. aureus. While residual H2O2 activity produced by single mutants was suffi-
cient to eradicate S. aureus, an S. pneumoniae ΔspxB ΔlctO double mutant was un-
able to kill S. aureus. A collection of 20 diverse methicillin-resistant S. aureus (MRSA)
and methicillin-susceptible S. aureus (MSSA) strains showed linear sensitivity (R2 �

0.95) for S. pneumoniae killing, but the same strains had different susceptibilities
when challenged with pure H2O2 (5 mM). There was no association between the S.
aureus clonal complex and sensitivity to either S. pneumoniae or H2O2. To kill S. au-
reus, S. pneumoniae produced �180 �M H2O2 within 4 h of incubation, while the
killing-defective S. pneumoniae ΔspxB and S. pneumoniae ΔspxB ΔlctO mutants pro-
duced undetectable levels. Remarkably, a sublethal dose (1 mM) of pure H2O2 incu-
bated with S. pneumoniae ΔspxB eradicated diverse S. aureus strains, suggesting that
S. pneumoniae bacteria may facilitate conversion of H2O2 to a hydroxyl radical (·OH).
Accordingly, S. aureus killing was completely blocked by incubation with scavengers
of ·OH radicals, dimethyl sulfoxide (Me2SO), thiourea, or sodium salicylate. The ·OH
was detected in S. pneumoniae cells by spin trapping and electron paramagnetic
resonance. Therefore, S. pneumoniae produces H2O2, which is rapidly converted to a
more potent oxidant, hydroxyl radicals, to rapidly intoxicate S. aureus strains.

IMPORTANCE Streptococcus pneumoniae strains produce hydrogen peroxide (H2O2)
to kill bacteria in the upper airways, including pathogenic Staphylococcus aureus
strains. The targets of S. pneumoniae-produced H2O2 have not been discovered, in
part because of a lack of knowledge about the underlying molecular mechanism.
We demonstrated that an increased density of S. pneumoniae kills S. aureus by
means of H2O2 produced by two enzymes, SpxB and LctO. We discovered that SpxB/
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LctO-produced H2O2 is converted into a hydroxyl radical (·OH) that rapidly intoxi-
cates and kills S. aureus. We successfully inhibited the toxicity of ·OH with three dif-
ferent scavengers and detected ·OH in the supernatant. The target(s) of the hydroxyl
radicals represents a new alternative for the development of antimicrobials against
S. aureus infections.

KEYWORDS Staphylococcus aureus, Streptococcus pneumoniae, eradication, hydrogen
peroxide, hydroxyl radicals

Streptococcus pneumoniae and Staphylococcus aureus colonize the upper airways of
humans, forming persistent biofilms (1–9). Once in the nasopharynx, S. pneumoniae

forms a biofilm that increases resistance to desiccation and antibiotic resistance and
also provides a source of planktonic bacteria that migrate to the ears, lower respiratory
tract, circulation, heart, and meninges, causing pneumococcal disease, the burden of
which is extremely high in the human population (5, 6, 10–13). S. aureus strains colonize
the skin of �30% of the human population but also reside in the nasopharynx, causing
severe pathologies, including bacteremia and pneumonia (1, 3, 7, 11, 14, 15).

Over the last few years, our laboratories and others have conducted carriage studies
of important human pathogens in the nasopharynxes of children of different ethnici-
ties. These studies demonstrated a negative association for the concurrent carriage of
S. pneumoniae and S. aureus (3, 7, 16). Soon after pneumococcal conjugate vaccines
(PCV) became available, a potential mechanistic competition between S. pneumoniae
and S. aureus for the colonization of the upper airways was observed. Some of the first
studies showed that nasopharyngeal carriage of S. aureus increased in children who
had received PCV. The increased S. aureus colonization was attributed to the decreased
carriage of pneumococcal serotypes targeted by PCV (1, 7, 8). It is therefore clear that
S. pneumoniae in vivo interferes with colonization by S. aureus.

Although evidence that S. pneumoniae was capable of killing S. aureus was pub-
lished over 100 years ago (17, 18), studies of the molecular mechanism(s) behind these
epidemiological observations were reinitiated when the pneumococcal vaccine was
licensed in early 2000 in developed countries. Pericone et al. (19), and then other
investigators, demonstrated that pneumococcal strains isolated from disease or car-
riage interfered with the growth of S. aureus in broth cultures. The proposed mecha-
nism involved the production of hydrogen peroxide (H2O2) that was released by S.
pneumoniae into the supernatant (20). This H2O2-mediated killing of S. aureus occurred
within 6 h post-inoculation of S. pneumoniae, but it was inhibited in cocultures with
catalase added; by incubating these cocultures in an anaerobic chamber; or by a
mutation within the spxB gene, encoding the enzyme streptococcal pyruvate oxidase,
which endogenously produces H2O2 during conversion of acetylphosphate from pyru-
vate (19–23). Notably, SpxB accounts for �85% of the membrane-permeable H2O2 that
is released by the bacteria into the supernatant (24, 25). A second contributor to the
pool of H2O2 released by bacteria is the enzyme lactate dehydrogenase (LctO), which
converts lactate to pyruvate (24, 26). While the mechanism by which S. pneumoniae kills
S. aureus strains has been related to production of H2O2, only spxB mutants have been
assessed (20, 27).

SpxB-produced H2O2 has also been involved in inducing cytotoxicity to lung cells,
apoptosis, and the toxic events observed when S. pneumoniae invades the central
nervous system and heart, albeit the specific mechanism(s) mediating this damage is
still to be clarified (12, 13). Moreover, S. pneumoniae mutants in the spxB gene produced
less capsule, due to the lack of acetylated capsule precursors, and were attenuated for
virulence in mouse models of pneumococcal disease (25, 28). The attenuated virulence
phenotype can be explained in part by a recent publication showing that endoge-
nously produced H2O2 was required to release the toxin pneumolysin (29).

In contrast to the in vitro evidence presented above, studies conducted using an
animal model of colonization demonstrated that S. aureus colonized the nasal cavity of
neonatal rats even when it was inoculated concurrently with S. pneumoniae strain
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TIGR4 or with an H2O2-deficient TIGR4 ΔspxB mutant (30). When the TIGR4 wild type
(wt) or an isogenic TIGR4 ΔspxB mutant was inoculated along with S. aureus in animals,
S. aureus colonization densities were similar whether S. pneumoniae produced hydro-
gen peroxide or not (30, 31). Therefore, the role of S. pneumoniae-produced H2O2 in
interfering with S. aureus growth has been debated (32). Killing of S. aureus by
incubation with pure H2O2, however, has already been documented (33, 34). A dose of
�10 mM H2O2 was required to kill S. aureus bacteria (19), whereas preloading S. aureus
with iron reduced the bactericidal dose to �1 mM (33, 34). The presence of intracellular
iron was required to generate, by the Fenton reaction, the hydroxyl radical (·OH) (34),
which is a stronger oxidant than H2O2 itself (35). Other bacterial species are also
susceptible to H2O2 at a concentration similar to that killing S. aureus, with �2.5 mM
H2O2 showing the maximal killing rate for Escherichia coli (35–37).

We recently demonstrated that the S. pneumoniae-induced killing of S. aureus
biofilms, including those formed by methicillin-resistant S. aureus (MRSA) strains, was
enhanced by physical contact (23). Complete eradication of �109 S. aureus bacteria
within S. pneumoniae-S. aureus biofilms occurred within 4 h of incubation. Furthermore,
washed S. pneumoniae bacteria were more lethal to S. aureus strains than their
H2O2-containing supernatants, suggesting pneumococcal cells may be required to
convert H2O2 into a more potent intoxicant (23). Moreover, our studies and those of
others (19, 38) demonstrated that, when S. aureus has been completely killed, S.
pneumoniae produced significantly less H2O2 (e.g., TIGR4, �200 �M) than the demon-
strated minimal bactericidal concentration (MBC) of pure H2O2 (10 mM) for S. aureus
strains (19, 38).

In this study, we used in vitro models mimicking S. pneumoniae-S. aureus cocoloni-
zation of the upper airways and demonstrated that an outcompeting density of S.
pneumoniae was necessary to kill S. aureus. We also demonstrated that the interaction
between S. pneumoniae and S. aureus stimulates the conversion of hydrogen peroxide
into the strongest oxidative radical, hydroxyl (·OH), which reacts at nearly diffusion rates
with most substrates, inducing DNA degradation and leading to the intoxication and
death of S. aureus bacteria. The target(s) of the ·OH radicals represents an exciting new
alternative for the development of therapeutics against S. aureus infections.

RESULTS
Contact-mediated killing of S. aureus by S. pneumoniae requires a threshold

pneumococcal density. We previously demonstrated that killing of S. aureus strains by
S. pneumoniae in liquid cultures required physical contact (23). We therefore reasoned
that killing was likely to occur on solid media and designed a contact-mediated killing
assay on blood agar plates. In this assay, we inoculated increasing densities of early-
log-phase cultures of S. pneumoniae with different densities of S. aureus (i.e., 106 CFU/ml
of S. aureus versus 106, 107, 108, or 109 CFU/ml of S. pneumoniae), and the plates were
incubated overnight. In most mixtures where the density of S. pneumoniae outcom-
peted that of S. aureus by at least 2 log units (i.e., S. pneumoniae, 108 CFU/ml, and S.
aureus, 106 CFU/ml), S. pneumoniae completely eradicated S. aureus (Fig. 1A). S. pneu-
moniae inoculated at 109 CFU/ml eradicated all S. aureus inocula. Similar results were
obtained when two other S. aureus strains, NRS170 and NRS408, were assessed (not
shown). To confirm the killing of S. aureus and the observed loss of chromosomal DNA
observed by confocal microscopy (explained below), we isolated DNA from each
mixture presented in Fig. 1A or single cultures (control). The DNA was used as a
template in quantitative PCRs (qPCRs) targeting either S. pneumoniae or S. aureus. As
expected, the number of genome equivalents (GenEqu) of S. aureus per milliliter did not
change when the density outcompeted that of S. pneumoniae (not shown). When DNA
was isolated from experiments where the S. pneumoniae density was greater than that
of S. aureus, a density-dependent decrease of S. aureus GenEqu per milliliter was
observed to a point where DNA from S. aureus was no longer detected (Fig. 1B to D; see
Fig. S1 in the supplemental material). The number of GenEqu per milliliter of S.
pneumoniae DNA (median, 1.4 � 109 GenEqu/ml) was not affected by incubation with
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any density of S. aureus. Density-dependent killing of S. aureus was also confirmed by
culture (see Fig. S2 in the supplemental material).

Confocal micrographs using antibodies against their capsules showed that, when
inoculated at similar densities (i.e., �106 CFU/ml), S. pneumoniae and S. aureus were
observed intact and with areas of strong colocalization (Fig. 2, bottom row, arrow-
heads). DAPI (4=,6-diamidino-2-phenylindole) staining showed DNA from both species.
In micrographs where S. pneumoniae outcompeted S. aureus (e.g., S. pneumoniae, �107

FIG 1 Contact-, and density-dependent killing of S. aureus (Sau) by S. pneumoniae (Spn). (A) S. pneu-
moniae strain TIGR4 and S. aureus strain Newman were inoculated concurrently at the indicated densities
(CFU per milliliter). Once inoculated, the plates were incubated for 24 h at 37°C. (B to D) To quantify
genome equivalents per milliliter of S. pneumoniae or S. aureus, bacteria growing on spots inoculated
with 108 CFU/ml of S. pneumoniae and 108 (B), 107 (C), or 106 (D) CFU/ml of S. aureus were collected; DNA
was extracted; and the DNA was used as a template in species-specific qPCRs. The error bars represent
the standard errors of the means calculated using data from at least three independent experiments. *,
P � 0.05 compared to S. aureus control incubated alone; #, P � 0.67 compared to S. pneumoniae control
inoculated alone.

FIG 2 S. pneumoniae (Spn) contact-dependent killing of S. aureus (Sau) induces loss of DNA signal.
Bacteria growing on blood agar plates from the experiments presented in Fig. 1, inoculated with the
specific density of each species shown on the left, were imprinted onto glass slides. The preparations
were fixed with paraformaldehyde, and S. aureus bacteria were stained with an anti-S. aureus antibody
followed by an anti-rabbit Alexa Fluor 555-labeled antibody. S. pneumoniae was stained with an Alexa
Fluor 488-labeled anti-S. pneumoniae antibody, while the DNA was stained with DAPI. The preparations
were analyzed with a confocal microscope. Shown are 3D reconstructions of z stacks obtained from xy
optical sections. The specific channel of each panel is shown at the top. The arrows point to S. aureus
bacteria stained red with a loss of DNA signal, while the red dashed circles indicate areas where DNA
signal is missing, corresponding to the arrows. The arrowheads show physical colocalization (yellow) of
S. aureus and S. pneumoniae. The dimensions of the scale bars shown in the left column apply to all the
images in the same row. The image on the far right was digitally enlarged to show details of the area
indicated by the dashed lines.
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CFU/ml versus S. aureus, �106 CFU/ml), only a few S. aureus cells were observed in
comparison to the abundant pneumococci (Fig. 2, middle and top rows). Moreover,
three-dimensional (3D) reconstruction of z stacks revealed that, in the majority of S.
aureus cells in mixtures with outcompeting S. pneumoniae, the DAPI signal was absent,
suggesting that the DNA had been degraded (Fig. 2, arrows). Absence of DNA in S.
aureus particularly coincided with the bacteria colocalizing with S. pneumoniae (Fig. 2,
enlarged image). Together, these results identified dose- and contact-dependent killing
of S. aureus by S. pneumoniae that included DNA degradation.

Differential sensitivities of S. aureus strains to killing by S. pneumoniae. Differ-
ent S. aureus strains have distinct sensitivities to H2O2 killing; thus, it was possible that
the results described above were not representative. We therefore tested a collection
of 20 MRSA (including vancomycin-intermediate S. aureus [VISA]) and methicillin-
susceptible S. aureus (MSSA) strains from seven clonal complexes (see Table S1 in the
supplemental material) for their sensitivities to killing when incubated along with S.
pneumoniae. To quantify the maximum density of S. aureus killed by S. pneumoniae, we
utilized a microplate model with 4 h of coculture incubation at 37°C. All the S. aureus
strains were killed by S. pneumoniae, but we noted statistically significant differences
across strains (P � 0.002) (Fig. 3A). The most sensitive strain, NRS170, had a 426-fold
difference (P � 0.008) in sensitivity to S. pneumoniae compared to the most resistant
strain, NRS049 (Fig. 3A; see Table S1). Increased sensitivity of NRS170 to S. pneumoniae
killing was also observed using the plate-killing model (not shown). The rest of the
strains, including S. aureus strain Newman, showed linear distributions in their sensi-
tivities to S. pneumoniae (R2 � 0.95) that spanned an �30-fold range. The variability
among this group (excluding NRS170 and NRS408) was also statistically significant
(P � 0.05). Surprisingly, there was no association between the clonal complex and
sensitivity to S. pneumoniae (Fig. 3B).

Hydrogen peroxide has been implicated as the main factor produced by S. pneu-
moniae to kill S. aureus strains (14, 20). We hypothesized that the level of sensitivity of
an S. aureus strain to H2O2 correlated with sensitivity to S. pneumoniae killing. Differ-
ential sensitivity to H2O2 was observed in our experiments, with the growth of some
strains (i.e., NRS3 and NRS21) completely inhibited by H2O2 whereas a subset of strains
were not susceptible at all to challenge with even 5 mM H2O2 (not shown). However,
contrary to our hypothesis, the level of S. pneumoniae killing did not correlate with
retardation of growth by H2O2 (Fig. 3C). These results showed that there was a complex
genetic relationship between the ability to grow in the presence of hydrogen peroxide
and the degree of sensitivity to S. pneumoniae killing. The finding that the genetic
background (clonal complex) was not strongly associated with the level of killing
suggests that recently acquired mutations may play a major role in determining the
level of susceptibility of each individual S. aureus strain.

Resistant S. aureus strains can protect sensitive strains from killing by S.
pneumoniae. To study the effect of S. pneumoniae sensitivity on S. aureus strain
selection, we utilized one of the most sensitive strains (NRS408) and one of the most
resistant strains (NRS049). Strain NRS049 was resistant to tetracycline, and we isolated
an NRS408-derived rifampin-resistant mutant (NRS408J) to track the growth of the
strain. There was a significant difference between strains NRS049 and NRS408J
(P � 0.05) in S. pneumoniae sensitivity (Fig. 4A). There was no significant difference in
NRS049 S. pneumoniae sensitivity measurements or NRS408 relative to NRS408J mea-
surements between results presented in Fig. 3A and 4A. We then competed the
resistant NRS049 strain and the sensitive NRS408J strain (5 � 106 CFU/ml of each strain,
the minimum concentration at which NRS049 was predicted to survive) in the presence
of TIGR4 (1.5 � 107 CFU/ml). While this dose of S. pneumoniae killed NRS408J but not
the NRS049 strain, coincubation of the two S. aureus strains led to survival of both
under S. pneumoniae challenge (Fig. 4B). Given that killing of S. aureus is density
dependent, to determine whether this competition outcome was affected by the S.
aureus strain density, we performed several endpoint S. aureus growth assays over a
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FIG 3 Variability in S. aureus (Sau) strain sensitivity to S. pneumoniae (Spn). (A) Decreasing densities of the
indicated S. aureus strains spanning �1 � 1010 and �1 � 106 CFU/ml were cocultured with 1.5 � 107

CFU/ml of S. pneumoniae in THY and incubated for 4 h at 37°C. Cultures were serially diluted and plated
on TSA supplemented with optochin. The maximum S. aureus inoculum completely killed by 1.5 � 107

CFU/ml of S. pneumoniae was then determined from the maximum concentration killed. The standard
errors of the mean of three independent experiments are shown. (B) Maximum-likelihood phylogeny of

(Continued on next page)
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range of NRS049 and NRS408J densities (see Table S2 in the supplemental material).
The sensitive NRS408J survived under all conditions under which the resistant NRS049
strain survived, regardless of whether the total S. aureus dose was 5 � 106 CFU/ml or
more (see Table S2).

Mutations in spxB and lctO are required to inhibit S. pneumoniae killing of S.
aureus. The experiments shown in Fig. 3 suggested that killing of S. aureus strains was
not the sole consequence of exposure to H2O2. In S. pneumoniae, most H2O2 (�85%)
is produced during the oxidation of pyruvate to acetyl-phosphate (acetyl�P) by SpxB
(Fig. 5A). Although to a lesser extent, hydrogen peroxide is also produced during the
oxidation of lactate to pyruvate by the enzyme LctO (Fig. 5A) (26). To gain insight into
this contact-dependent, molecular-mechanism-mediated killing of S. aureus, we gen-
erated single ΔspxB and ΔlctO mutants and a ΔspxB ΔlctO double mutant in TIGR4.
We then assessed killing of S. aureus by these mutants using our density-controlled
experimental models. When incubated along with �107 CFU/ml S. aureus in the
contact-dependent plate model, the TIGR4 ΔlctO mutant killed S. aureus to the same
extent as the TIGR4 wild-type strain at all tested S. pneumoniae densities (Fig. 5B). At a
density of �107 CFU/ml, TIGR4 ΔspxB did not kill S. aureus. Surprisingly, TIGR4 ΔspxB
killed S. aureus when we increased the challenge density to �108 CFU/ml (Fig. 5B). S.
pneumoniae strain Pn20, isolated from the nasopharynx of a child (20), and its ΔspxB
mutant derivative were also tested with essentially similar results (i.e., an increased
density killed S. aureus [data not shown]). Furthermore, a similar 100-fold-increased
density of TIGR4 ΔspxB killing S. aureus, in comparison to the TIGR4 wild type, was
observed when another S. aureus strain, NRS049, was challenged (Fig. 5C). These results

FIG 3 Legend (Continued)
strains tested with log10 bactericidal efficiency of S. pneumoniae plotted as a bar chart. The clonal
complex designation of each strain is shown by the color range. (C) Maximum growth (OD600 measured
after 12 h of incubation at 37°C) in hydrogen peroxide (2.5 mM)-supplemented TSB plotted against S.
pneumoniae sensitivity of the corresponding strain. The values represent averages from at least three
replicates for each strain.

FIG 4 Competition between S. pneumoniae-sensitive and S. pneumoniae-resistant S. aureus strains in the presence of S. pneumoniae.
(A) Sensitivities of S. aureus strains NRS049 and NRS408J to S. pneumoniae (TIGR4) killing. Sensitivity was measured as described in the
legend to Fig. 3A. The results represent three biological replicates and two independent experiments. The results are presented with
two standard errors above and below the mean. (B) Competition experiments between resistant (NRS049) and sensitive (NRS408J) S.
aureus strains (5e6 CFU/ml) in the presence of S. pneumoniae (TIGR4; 1.5e7 CFU/ml). Strains NRS049, NRS408J, and TIGR4 at the
previously stated doses were cocultured in THY for 4 h at 37°C without agitation. Coculture samples were collected at 0 min, 15 min,
30 min, 1 h, 2 h, 3 h, and 4 h. Coculture sample dilutions were then spotted on TSA supplemented with 16 �g/ml tetracycline or
4 �g/ml rifampin and grown overnight at 37°C to determine the concentrations of NRS049 and the NRS408 rifampin-resistant mutant
(NRS408J) at corresponding time points. The fold change of the rifampin-resistant mutant NRS408J relative to time zero is shown with
TIGR4 alone (green), TIGR4 and NRS049 (blue), NRS049 (brown), and the mutant itself alone (yellow). The results represent three
biological replicates and are presented with one standard error above and one below the mean.
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suggested that H2O2 generated by LctO was sufficient to induce killing of S. aureus.
Confirming this, the TIGR4 ΔspxB ΔlctO mutant was unable to kill S. aureus even at a
high density of �109 CFU/ml (Fig. 5B).

We then used the microplate model to quantitatively assess S. aureus killing by these
mutant strains. Experiments revealed that neither planktonic S. aureus nor biofilm S.
aureus cells were killed by TIGR4 ΔspxB in comparison with the wild-type strain (Fig. 6A
and B). The same phenotype was observed when two other independent TIGR4-derived
ΔspxB mutants were tested (see Fig. S3 in the supplemental material). Similar to what
we observed using the plate model, the TIGR4 ΔlctO mutant killed S. aureus strains at
rates similar to that of wild-type TIGR4 (Fig. 6A and B). As expected, as a mutation in
spxB was enough to block S. aureus killing in this model, the ΔspxB ΔlctO double mutant
was unable to kill S. aureus strain Newman (not shown). Under the culture conditions
utilized (i.e., incubation in Todd-Hewitt broth containing 0.5% [wt/vol] yeast extract
[THY], with environmental oxygen and 5% CO2), S. pneumoniae strains TIGR4 and TIGR4
ΔlctO produced, after 4 h of incubation, �180 �M and �140 �M H2O2, respectively
(Table 1). Cultures of three different spxB mutants, however, yielded undetectable levels
of hydrogen peroxide (Table 1). Overall, our experiments demonstrated that both
H2O2-producing enzymes, SpxB and LctO, contribute to the contact-dependent killing
of S. aureus strains.

A hydroxyl radical (·OH) is generated during the interaction between S. pneu-
moniae and S. aureus to rapidly kill S. aureus. Given that our experiments demon-
strated that even �5 mM pure H2O2 did not affect the viability of some S. aureus strains
(Fig. 3) but that cultures of the same strains were killed by S. pneumoniae producing
�36-fold less H2O2 (i.e., �140 �M), the possibility was raised that SpxB/LctO-produced
H2O2 was converted into the ·OH radical. To test this hypothesis, we first conducted a
dose-response study to identify three sublethal doses of H2O2 for S. aureus, 1.0, 1.2, and
1.4 mM (Fig. 7). For example, 1 mM H2O2 allowed the survival of �1 � 106 CFU/ml S.
aureus when challenged against three different S. aureus strains (Fig. 7). We reasoned
that if H2O2 is converted to a hydroxyl radical, then incubating S. aureus, TIGR4 ΔspxB
(which does not produce significant amounts of H2O2), and a sublethal dose of H2O2

would allow killing. As shown in Fig. 7, the density of any of the three S. aureus strains
incubated with TIGR4 ΔspxB was similar to the density in control wells containing S.
aureus alone (Fig. 7A to C). Incubation of S. aureus; TIGR4 ΔspxB; and 1.0, 1.2, or 1.4 mM
H2O2 was sufficient to completely eradicate cultures of S. aureus strain Newman,
NRS408, and NRS049, respectively. Experiments with S. aureus strain Newman incu-
bated with TIGR4 ΔspxB ΔlctO and 1 mM H2O2 showed essentially the same result

FIG 5 S. pneumoniae (Spn) contact-mediated killing of S. aureus (Sau) requires enzymes SpxB and LctO. (A)
Oxidation of pyruvate to acetyl�P by the enzyme pyruvate oxidase (SpxB). The reaction uses molecular O2 and
inorganic phosphate (Pi), producing CO2 and H2O2 (circled). Acetyl�P is then converted to acetyl coenzyme A by
acetate kinase (AckA) in a reaction that produces ATP. The enzyme lactate oxidase (LctO) catalyzes the formation
of pyruvate from lactate, producing H2O2. (B) S. pneumoniae strains TIGR4, TIGR4 ΔlctO, TIGR4 ΔspxB, and TIGR4
ΔspxB ΔlctO were inoculated on blood agar plates at the densities indicated on the right (CFU per milliliter)
concurrently with S. aureus strain Newman, which was inoculated at a density of �107 CFU/ml. (C) S. pneumoniae
strains were inoculated at the densities shown at the top concurrently with S. aureus strain NRS049, inoculated at
�107 CFU/ml. The agar plates were incubated overnight at 37°C.
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(Fig. 7D). These experiments strengthened our hypothesis that H2O2 was converted into
a hydroxyl radical (·OH).

Thiourea (15 mM), sodium salicylate, and dimethyl sulfoxide (Me2SO [300 mM]), are
specific ·OH scavengers (34); thiourea and Me2SO reduced H2O2 killing of S. aureus by
98% and 38%, respectively (34). As shown in Fig. 8A, incubating S. aureus strain
Newman, S. pneumoniae, and 10 mM thiourea was enough to significantly inhibit killing
of S. aureus, whereas 20 mM and 40 mM completely inhibited H2O2-mediated killing.
The density of S. pneumoniae was not affected by incubation with any amount of
thiourea (Fig. 8B). Similar protection from challenge with S. pneumoniae was conferred
on S. aureus by incubating the two species, along with a scavenger of hydroxyl radicals,
Me2SO (Fig. 8C and D) or sodium salicylate (see Fig. S4 in the supplemental material).

FIG 6 A mutation in spxB, but not in lctO, renders S. pneumoniae (Spn) unable to kill S. aureus (Sau) in
a microplate model. S. aureus strain Newman (�1 � 106 CFU/ml) was inoculated alone (Ctrl) or along
with the indicated S. pneumoniae strains (�1 � 106 CFU/ml) in microplates containing THY and incu-
bated for 4 h at 37°C. Bacteria were harvested and then diluted and plated onto SMA (A and B) or BAP
with gentamicin (C and D) to obtain counts of S. aureus planktonic cells (A), S. aureus biofilms (B), S.
pneumoniae planktonic cells (C), or S. pneumoniae biofilms (D). The error bars represent the standard
errors of the means calculated using data from at least three independent experiments. (A and B) *,
P � 0.05 compared to S. aureus control incubated alone. (D) For comparison, the median (CFU per
milliliter) is shown inside two of the bars.

TABLE 1 Production of H2O2 by TIGR4 and isogenic derivative mutants

Strain

Production of H2O2 at (h):

0 1 2 4

TIGR4 5.7 �M 35.6 �M 50.3 �M 179.6 �M
TIGR4 �lctO �50 nMa 9.9 �M 45.1 �M 136.3 �M
TIGR4 ΔspxBU �50 nM �50 nM �50 nM �50 nM
TIGR4 �spxBE �50 nM �50 nM �50 nM �50 nM
TIGR4 �spxBE ΔlctO �50 nM �50 nM �50 nM �50 nM
aLimit of detection.
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To identify the in vivo formation of hydroxyl radicals, we utilized the �-(4-pyridyl-
1-oxide)-N-tert-butyl nitrone (4-POBN)– ethanol spin-trapping system. Figure 9 shows a
marked increase in the hydroxyethyl radical spin adduct in bacterial cells of the TIGR4
wt in comparison to signals from a reaction mixture containing TIGR4 wt cells and a

FIG 7 S. pneumoniae (Spn) produces a stronger oxidant from H2O2 to kill S. aureus (Sau) strains. S. aureus strain Newman (A and D), NRS408 (B), or NRS049 (C)
was incubated alone at a density of �1 � 106 CFU/ml, with the indicated molarity of H2O2, TIGR4 ΔspxB (�1 � 106 CFU/ml), TIGR4 ΔspxB (�1 � 106 CFU/ml)
and H2O2 or with TIGR4 ΔspxB lctO (�1 � 106 CFU/ml). Bacteria were incubated for 4 h at 37°C and then harvested, diluted, and plated on SMA to obtain counts
of S. aureus. The error bars represent the standard errors of the means calculated using data from at least three independent experiments. *, P � 0.05 compared
to the corresponding concentration of H2O2; #, P � 0.30 compared to S. aureus control incubated alone.

FIG 8 Scavengers of ·OH block S. pneumoniae (Spn)-induced killing of S. aureus (Sau). S. aureus strain
Newman was inoculated (�1 � 106 CFU/ml) alone, with S. pneumoniae TIGR4 (�1 � 106 CFU/ml), with S.
pneumoniae and thiourea (Thio), or with S. pneumoniae and Me2SO. After 4 h of incubation at 37°C,
bacteria were harvested, diluted, and plated to obtain counts of S. aureus (A and C) or S. pneumoniae (B
and D). The error bars represent the standard errors of the mean calculated using data from at least three
independent experiments. *, P � 0.05 compared with S. aureus control; **, P � 0.0005 compared to the
density of S. aureus incubated with S. pneumoniae; #, limit of detection.
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reaction mixture with bacterial cells harvested from cultures of the TIGR4 ΔspxB ΔlctO
double mutant.

DISCUSSION

We have demonstrated in this study that the interaction between S. pneumoniae and S.
aureus stimulates the conversion of H2O2 into a stronger oxidant, the hydroxyl radical, ·OH,
to rapidly kill S. aureus bacteria. The toxic effects of several pneumococcal strains against S.
aureus have been documented (14, 19, 20, 23, 27, 38). Hydrogen peroxide had long been
believed to be the killing factor, but contrasting data suggesting that H2O2 was not
required for killing have been published in the last few years (23, 30–32). Compelling
evidence within this study has now identified highly reactive ·OH radicals generated from
H2O2, because of interaction between the species, as the effector of such a mechanism.
Given that H2O2 is permeable but a sublethal dose of H2O2 killed S. aureus strains when
incubated along with H2O2-deficient S. pneumoniae strains, the conversion to ·OH radicals
may be facilitated by pneumococcal cells. Certainly, other possibilities exist, includ-
ing increased free Fe2� in S. aureus due to the interaction with S. pneumoniae, which
could be the result of stimulated iron uptake. The ·OH generated reacts at nearly diffusion-
limited rates near the site of its generation (22, 39).

Although S. aureus can also produce H2O2, its potent catalase fully scavenges the
H2O2 before it can cross the cytoplasmic membrane, and therefore, levels of hydrogen
peroxide in the supernatant are undetectable (19). Intracellular levels of H2O2 in S.
aureus have not been investigated, but in E. coli, these levels are maintained at 0.1 to
0.2 �M during aerobic growth (40). Therefore, the experiments in this study, along with
data from other laboratories (14, 19, 20, 31, 41), support a model where S. pneumoniae
secretes large amounts of H2O2 near S. aureus bacteria— but beyond a concentration
that catalase would successfully scavenge—and then, due to a still unknown mecha-
nism, it is rapidly converted into ·OH radicals that intoxicate S. aureus cells. We
hypothesize that the target(s) of ·OH radicals on S. aureus cells is absent in pneumo-
cocci, and therefore, S. pneumoniae is less susceptible to these radicals (see below for
more details). S. aureus intoxication with ·OH radicals may be accompanied by degra-
dation of DNA, as confocal micrographs and quantitative PCRs demonstrated absence
of DNA in S. aureus bacteria incubated with H2O2-producing S. pneumoniae. Hydroxyl
radicals attack at the sugar or the base of the DNA, leading to sugar fragmentation,
base loss, and a strand break with a terminal fragmented sugar residue (42). The
resistance of S. pneumoniae to DNA damage has been speculated to occur by seques-
tration of Fe2�, required to produce ·OH through the Fenton reaction, away from its
DNA (22).

FIG 9 Detection of ·OH radicals in pneumococci by 4-POBN and DETAPAC-ethanol spin trapping. Shown
are the EPR spectra of 4-POBN spin trapping in wild-type and double-mutant samples and, for compar-
ison, a medium-only sample. The unassigned signal near the free-electron g value of 2.0023 (333.0 mT)
was deleted. The EPR conditions were as follows: microwave frequency, 9.346 GHz; microwave power, 10
mW; modulation amplitude, 0.2 mT; modulation frequency, 100 kHz; temperature, 295 K. The spectra of
wild-type and double-mutant samples represent an average of 96 scans minus the bacterial-medium
spectrum. The bacterial-medium spectrum represents an average of 224 scans, with polynomial baseline
correction. The spectra were baseline corrected using a polynomial function.
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Animal studies demonstrated that S. pneumoniae (TIGR4) and S. aureus (Newman)
cohabited in the nasal cavities of rats when the strains were inoculated at the same
density (30, 31). One would expect that in this animal cocolonization model, only S.
pneumoniae would be able to colonize, but this outcome did not occur. Instead,
coinoculation of wild-type S. pneumoniae did not affect colonization by S. aureus, and
neither a mutation in the pneumococcal spxB gene nor a mutation in the S. aureus katG
gene (encoding catalase) had a positive or negative effect, respectively, on S. aureus
density. If S. pneumoniae kills S. aureus, why did they cocolonize? Experiments in this
study offer an explanation. When TIGR4 and S. aureus strain Newman were inoculated
at similar densities, S. aureus in fact survived the challenge with S. pneumoniae (Fig. 1).
However, with an outcompeting density of S. pneumoniae, staphylococci succumbed to
the challenge. The killing was negated when S. aureus was incubated with the hydro-
gen peroxide production-defective S. pneumoniae ΔspxB ΔlctO mutant. We speculate
that, in the surface-bound environment of the nasal cavity of rats or in the plate model,
the close proximity of S. pneumoniae to S. aureus allows inactivation of H2O2 by the S.
aureus-produced catalase but that increased production of H2O2 (i.e., by outcompeting
pneumococci) overcomes the catalase-mediated inactivation, and thus, H2O2 is
converted into ·OH radicals. We hypothesize that the conflicting results obtained in
population studies where a negative association, or no association, has been
demonstrated between concurrent carriage (i.e., colonization) of S. pneumoniae and
S. aureus would have been resolved if the density of the strains had been taken into
consideration.

The finding that the level of sensitivity is variable across S. aureus strains (Fig. 3A) and
the surprising result that S. pneumoniae and H2O2 sensitivity in S. aureus are not correlated
(Fig. 3B) suggest that other, undiscovered factors modulate S. aureus killing. We found that
S. aureus strains can apparently cross-protect in mixtures, suggesting that a diffusible
molecule is possibly involved. This result needs to be followed up in future work. Since the
phenotype is variable across S. aureus strains without being closely linked to a particular
clade, it may be possible to identify the genetic loci responsible by using a hypothesis-free
genome-wide association study (GWAS) approach.

Studies conducted with E. coli demonstrated that H2O2-mediated killing occurred
only in actively metabolizing cells (35, 42). Exogenously added H2O2 also kills S. aureus
strains with a calculated 90% lethal dose (LD90) and MBC of �10 mM (19, 34). A 10-fold
decrease in the sublethal concentration was determined and utilized in our studies
(presented in Fig. 7) against strain Newman and two MRSA strains. The membrane-
permeable H2O2 enters bacterial cells, reacting with the intracellular Fe2� by Fenton
reactions to produce ·OH radicals (34). The concentration of H2O2 quantified in the
supernatant of S. pneumoniae to reach the LD90, however, was �7-fold lower
(�140 �M) than a sublethal dose of exogenous H2O2 and �70-fold lower than the LD90

of exogenously added H2O2 (�10 mM). This decreased amount of H2O2 in the S.
pneumoniae supernatant, the fact that an H2O2 production-defective strain, when
incubated with a sublethal dose of H2O2 (�1 mM), killed S. aureus strains, our experi-
ments showing that S. aureus killing was blocked by hydroxyl scavengers, and spin-
trapping experiments supported the hypothesis that production of ·OH radicals was
stimulated by the interaction between pneumococcal cells and S. aureus.

Given that H2O2 targets metabolically active (i.e., respiring) E. coli cells (35) and that
S. aureus undergoes cellular respiration whereas S. pneumoniae does not encode
proteins of the respiratory chain (43), we speculate that hydroxyl radicals either target
a component(s) of the respiratory chain or require a reducing equivalent from the
respiratory chain to generate toxic hydroxyl radicals. In fact, the pneumococcus could
be intoxicated by incubating it with increasing amounts of H2O2, but it required at least
10 mM H2O2 to completely eradicate S. pneumoniae bacteria. A challenge with such a
large amount of H2O2 was partially inhibited by incubation with the ·OH scavenger
thiourea (see Fig. S4 in the supplemental material).

An investigation by Selva et al. suggested that H2O2-mediated interference was
triggered by lysogenic S. aureus phages, although in their study they obtained a 3- to
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4-log-unit reduction in S. aureus density, but not eradication, under similar culture
conditions (41). Whereas some S. aureus strains utilized in the current study may be
lysogenic, we tested a nonlysogenic S. aureus strain (RN4220) and obtained density-
dependent, SpxB/LctO-dependent killing (data not shown). The detailed mechanism(s)
and its target(s) are under active investigation in our laboratories. The target(s) of the
·OH radicals represents an exciting new alternative for the development of therapeutics
against S. aureus infections.

MATERIALS AND METHODS
Bacterial strains and culture media. The S. pneumoniae and S. aureus wild-type strains and mutant

derivatives utilized in this study are listed in Table 2. S. pneumoniae strains were cultured on blood agar
plates (BAP) or BAP with 25 �g/ml gentamicin, whereas S. aureus strains were grown on salt mannitol
agar (SMA) plates or tryptic soy agar (TSA) plates with or without 5 �g/ml optochin or on Luria-Bertani
agar (LBA) (1% tryptone [Becton-Dickinson], 0.5% yeast extract, 1% NaCl, and 1.5% agar [Becton-
Dickinson]). THY was utilized in all the experiments.

Preparation of inoculum for experiments. The inoculum was prepared essentially as previously
described (44, 45). Briefly, an overnight BAP (for S. pneumoniae) or LBA (for S. aureus) culture was used
to prepare a cell suspension in THY broth to an optical density at 600 nm (OD600) of �0.08. This
suspension was incubated at 37°C in a 5% CO2 atmosphere until the culture reached an OD600 of �0.2
(early log phase). Then, glycerol was added to give a final 10% (vol/vol) concentration, and the
suspension was stored at 	80°C until it was used. An aliquot of these stocks was further diluted and
plated to obtain bacterial counts (CFU per milliliter).

Mixed-culture killing assay on plates. Blood agar plates were coinoculated with both S. pneu-
moniae and S. aureus strains at different densities ranging from �106 through �109 CFU/ml. The
inoculated plates were then incubated at 37°C in a 5% CO2 atmosphere overnight. A creamy-yellow color on
the BAP culture and the presence of a beta-hemolytic halo around each culture indicated growth of S. aureus.
To quantify the densities of strains, cultures were harvested and an aliquot was diluted and plated to obtain
bacterial counts, whereas DNA was extracted from another aliquot using a QIAamp DNA minikit (Qiagen)
according to the manufacturer’s instructions. DNA preparations were eluted with 100 �l of elution buffer,
quantified using a Nanodrop spectrophotometer, and stored at –80°C until they were used.

Quantitative PCRs. Strain-specific qPCRs were performed to measure the densities of strains.
Primers, probes, and the concentrations utilized are listed in Table 3. The total S. pneumoniae density was
quantified using the panpneumococcus lytA assay (46), and detection of the nuc gene was used to
quantify S. aureus density (47). Reactions were run along with serially diluted DNA standards correspond-
ing to 4.29 � 105, 4.29 � 104, 4.29 � 103, 4.29 � 102, 4.29 � 101, and 2.14 � 101 genome equivalents of
S. pneumoniae or 3.29 � 105, 3.29 � 104, 3.29 � 103, 3.29 � 102, 3.29 � 101, and 3.14 � 101 genome
equivalents of S. aureus. Reactions were carried out using a Bio-Rad CFX96 Touch real-time PCR detection
system (Bio-Rad, Hercules, CA) and the following cycling parameters: 50°C for 2 min, 95°C for 2 min, and
40 cycles of 95°C for 15 s and 60°C for 1 min. The final numbers of genome equivalents per milliliter were
calculated using the CFX software (Bio-Rad, Hercules, CA).

Determination of S. aureus strain sensitivity to S. pneumoniae. Inocula of S. aureus strains
prepared as stated above, with known densities, were serially diluted in THY to generate inocula.
Decreasing densities of S. aureus strains were inoculated along with 1.5 � 107 CFU/ml of S. pneumoniae
and incubated for 4 h in 96-well microplates. The cultures were diluted and plated on TSA supplemented
with optochin (5 �g/ml). The highest density of each S. aureus strain killed by 1.5 � 107 CFU/ml of S.
pneumoniae within 4 h was then determined.

Competition between resistant and sensitive S. aureus strains under S. pneumoniae selection.
For the competition experiments, we prepared an NRS408-derived rifampin-resistant mutant (NRS408J)
by plating an overnight tryptic soy broth (TSB) culture concentrated 10-fold on a TSA plate supple-
mented with 4 �g/ml rifampin. S. pneumoniae strain TIGR4 (1.5 � 107 CFU/ml) was then cocultured in

TABLE 2 Pneumococcal and staphylococcal strains used in this study

Strain Descriptiona Reference(s) or source

TIGR4 Invasive clinical isolate; phenotype CSP2; capsular serotype 4 43
TIGR4 ΔspxBH TIGR4 with an insertion within the spxB gene; spxB::kan-rpsL� 20, 27
TIGR4 ΔspxBU TIGR4 with a deletion of the spxB gene by transformation of erm(B); Eryr cassette 13
SPJV29 (TIGR4 ΔspxBE) TIGR4 with a deletion of the spxB gene by transformation of erm(B); Eryr cassette This study
TIGR4 ΔlctO TIGR4 with a deletion of the lctO gene by transformation of a spectinomycin cassette This study
TIGR4 ΔspxB ΔlctO TIGR4 ΔspxBU with a deletion of the lctO gene by transformation of a spectinomycin cassette This study
Pn20 Serotype 35B; nasopharyngeal human isolate 20
Pn20ΔspxB Pn20 ΔspxB::kan-rpsL� by transformation with PCR product of TIGR4 ΔspxBH 20
S. aureus Newman NCTC 8178, ATCC 13420 56
NRS408J S. aureus NRS408 spontaneous rifampin-resistant mutant This study
RN4220 S. aureus Hla	 nonlysogenic strain 57
aEryr, erythromycin resistance; H, spxB mutant strain obtained from M. Lipsitch at Harvard; U, spxB mutant strain prepared by C. J. Orihuela’s group at UAB; E, spxB
mutant prepared at Emory University (SPJV29).
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THY with three different mixtures of S. aureus strains (5 � 106 CFU/ml of each S. aureus strain). A mixture
contained NRS049, NRS408J, or both strains NRS049 and NRS408J. Experiments with negative controls
without S. pneumoniae were performed for each of the S. aureus strain mixtures. All the cultures (3 ml
each) were incubated without shaking at 37°C in a 5% CO2 atmosphere. Cocultures were sampled at 0-,
15-, and 30-min and 1-, 2-, 3-, and 4-h time points. Sample dilutions were then spotted on TSA plates
supplemented with 16 �g/ml tetracycline or 4 �g/ml rifampin to detect NRS049 and the NRS408
rifampin-resistant mutant (NRS408J), respectively. The following day, spot colonies were enumerated to
calculate the number of residual CFU per milliliter at each time point.

Growth curves and hydrogen peroxide sensitivity. Strains were grown at 37°C in TSB or TSB
supplemented with 0.1, 2.5, or 5.0 mM H2O2. The initial ODs were normalized to between 0.1 and 0.2
(roughly a 1/100 dilution of the overnight culture) readings from a microplate reader (Eon; BioTek, Inc.)
before the growth curves were performed. Growth curves (OD600) were determined in a plate reader
collecting data every 10 minutes for up to 12 h.

Confocal-microscopy studies. Bacteria grown in experiments performed using the plate model (Fig.
1A) were imprinted onto rounded glass slides and immediately fixed with 2% paraformaldehyde (PFA)
for 15 min at room temperature. The fixed bacteria were then blocked with 1% bovine serum albumin
(BSA) for 30 min at 37°C and incubated first with a rabbit polyclonal anti-S. aureus antibody (4 �g/ml;
Santa Cruz Biotechnology, Inc.) for 1 h at room temperature, followed by phosphate-buffered saline (PBS)
washes and 1 h of incubation with a secondary Alexa Fluor 555-labeled goat anti-rabbit antibody
(20 �g/ml; Molecular Probes). The preparation was then washed with sterile PBS and incubated for
30 min with anti-S. pneumoniae antibodies raised in rabbit (Statens Serum Institute) that had been
previously labeled with Alexa Fluor 488 (50 �g/ml; Molecular Probes). The stained preparations were
finally washed twice with PBS, mounted with ProLong Diamond antifade mountant with DAPI (Molecular
Probes), and analyzed with an Olympus FV1000 confocal microscope. The confocal images were analyzed
with Image J version 1.49k (National Institutes of Health).

Preparation of TIGR4-derived �spxB, �lctO, and �spxB �lctO mutants. Isogenic spxB mutant
derivatives of S. pneumoniae strain TIGR4 (43) were prepared as described in our recent publication (13).
A deletion within the lctO gene in the wild-type TIGR4, or TIGR4 ΔspxB, was generated using a cassette
containing lctO upstream (lctO_UP-FW and lctO_UP-RV) and downstream (lctO_DN-FW and lctO_DN-RV)
sequences and the spectinomycin resistance gene (SpcK7-FW and SpcK7-RV). This cassette was prepared
by splicing overlap extension PCR with primers (in parentheses above and listed in Table 3) (48, 49) and
transformed into pneumococci using standard procedures (50). BAP with spectinomycin (100 �g/ml) or
erythromycin (0.5 �g/ml) was used to select lctO or spxB mutants, respectively. All deletions were
confirmed by PCR and sequencing.

Microplate model to investigate killing of S. aureus by S. pneumoniae strains. An S. pneumoniae
strain was inoculated along with S. aureus strain Newman at a density of �1 � 106 CFU/ml in a 6-well
microplate containing THY and incubated for 4 h at 37°C in a 5% CO2 atmosphere. Control wells were
inoculated with only S. pneumoniae or only S. aureus. In another set of experiments, S. aureus was
inoculated, along with increasing amounts of hydrogen peroxide (Sigma), with the TIGR4 ΔspxBE (SPJV29)
mutant alone or with TIGR4 ΔspxBE and hydrogen peroxide. Technical duplicates were included throughout
these experiments. At the end of the incubation, planktonic cells were removed, diluted, and plated onto BAP
with gentamicin to obtain the number of CFU of S. pneumoniae per milliliter or onto LBA plates with optochin
to obtain the number of CFU of S. aureus per milliliter. The biofilms were washed once with PBS, resuspended

TABLE 3 Primers and probes used in this study

Target Primer or probe sequence (5=–3=)a Reference

S. pneumoniae lytA F, ACGCAATCTAGCAGATGAAGCA 46
R, TCGTGCGTTTTAATTCCAGCT
Probe, FAM-TGCCGAAAACGCTTGATACAGGGAG

S. aureus nuc F, GTTGCTTAGTGTTAACTTTAGTTGTA 47
R, AATGTCGCAGGTTCTTTATGTAATTT
Probe, HEX-AAGTCTAAGTAGCTCAGCAAATGCA

UP_spxB_DN F, TATCAATCACGCTCCTGC 13
R, CTCGTTATGGACAATGCT

XbaI-erm(B)-XhoI F, CAGTCTAGAAAAAATTTGTAATTAAGAAGGAGT This study
R, CAGCTCGAGCCAAATTTACAAAAGCGACTCA

lctO_UP-FW TGGAAAGTAGGCATCAGC This study
lctO_UP (Spl_KnSpc)-RV TCCTCCTCACTATTTTGATAAACTGTCCTCCTCG This study
lctO_DN (Spl_KnSpc)-FW TGGAAACACTTCGTGAAGACTTAAAATTGTATTG This study
lctO_DN-RV CGTAATTCCACTTGATCC This study
SpcK7-FW CAAAATAGTGAGGAGGA This study
SpcK7-RV TTCACGAAGTGTTTCCA This study
aF, forward; R, reverse; FAM, 6-carboxyfluorescein; HEX, 6-carboxy-2,4,4,5,7,7-hexachlorofluorescein. Sequences
overlapping the spectinomycin resistance cassette are in boldface.
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in 1 ml of sterile PBS, and sonicated for 15 s using a Bransonic ultrasonic water bath (Branson, Danbury, CT),
followed by extensive pipetting to remove the remaining attached biofilm bacteria. The biofilms were then
diluted and plated as described above. Experiments were repeated three times.

Quantifying production of hydrogen peroxide. S. pneumoniae strains were inoculated at a density
of �1 � 106 CFU/ml in a 6-well plate containing THY and incubated at 37°C in a 5% CO2 atmosphere. The
supernatant containing planktonic bacteria was collected 0, 1, 2, or 4 h postinoculation and then
centrifuged at 8,000 rpm for 10 min to separate the planktonic cells; the supernatant was further filtered
through a 0.45-�m syringe filter. The concentration of H2O2 present in each cell-free supernatant was
assessed using an Amplex Red hydrogen peroxide/peroxidase assay kit (Invitrogen) following the
manufacturer’s instructions.

Detection of hydroxyl radicals by spin trapping. A spin-trapping system was utilized to detect the
formation of hydroxyl radicals essentially as described previously (38, 51). Briefly, pneumococci were
grown in 100 ml of THY broth to an OD600 of 0.4 to 0.5. The pellets were harvested and washed twice
with Hanks balanced salt solution lacking calcium and magnesium (HBSS) and finally resuspended in
500 �l of HBSS. The reaction mixtures included 200 �l of cell suspension, 100 �M diethylenetriamine-
pentaacetic acid (DETAPAC), 10 mM 4-POBN, 170 mM ethanol, and HBSS for a final volume of 1 ml. The
reaction mixture was incubated for 10 min at room temperature and immediately transferred to a quartz
capillary tube (2-mm outer diameter), and X-band electron paramagnetic resonance (EPR) spectra were
acquired under the following conditions: microwave frequency, 9.346 GHz; microwave power, 10 mW;
modulation amplitude, 0.2 mT; modulation frequency, 100 kHz; temperature, 295 K; the spectra represent
an average of 92 scans minus a medium baseline (224 scans).

S. aureus strain sequence and phylogeny. In brief, Nextera random shotgun libraries were
prepared, and 300-bp paired-end reads were sequenced to �20 to 100� coverage. Sequence types were
ascribed based on BLASTN against the BIGSdb database (52, 53). The phylogeny was created using
Parsnp (54) based on mapping to the Newman reference. The tree was midpoint rooted and visualized
using iTOL (55).

Statistical analysis. Differences between S. aureus strain sensitivities to S. pneumoniae were calcu-
lated by a Kruskal-Wallis test for overall variability in the collection. The test was performed for all strains
with or without the two most sensitive strains (NRS408 and NRS170). All other statistical analysis was
performed using a two-tailed Student t test and the software SigmaPlot version 14.0.

Accession number(s). The data were deposited in NCBI BioProject under accession no. PRJNA289526
as part of a larger study that will be described in more detail elsewhere.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/JB

.00474-19.
SUPPLEMENTAL FILE 1, PDF file, 0.3 MB.
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