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ABSTRACT The staphylococcal accessory regulator (sarA) plays an important role in
Staphylococcus aureus infections, including osteomyelitis, and the msaABCR operon
has been implicated as an important factor in modulating expression of sarA. Thus,
we investigated the contribution of msaABCR to sarA-associated phenotypes in the
S. aureus clinical isolates LAC and UAMS-1. Mutation of msaABCR resulted in reduced
production of SarA and a reduced capacity to form a biofilm in both strains. Biofilm
formation was enhanced in a LAC msa mutant by restoring the production of SarA,
but this was not true in a UAMS-1 msa mutant. Similarly, extracellular protease pro-
duction was increased in a LAC msa mutant but not a UAMS-1 msa mutant. This dif-
ference was reflected in the accumulation and distribution of secreted virulence fac-
tors and in the impact of extracellular proteases on biofilm formation in a LAC msa
mutant. Most importantly, it was reflected in the relative impact of mutating msa as
assessed in a murine osteomyelitis model, which had a significant impact in LAC but
not in UAMS-1. In contrast, mutation of sarA had a greater impact on all of these in
vitro and in vivo phenotypes than mutation of msaABCR, and it did so in both LAC
and UAMS-1. These results suggest that, at least in osteomyelitis, it would be thera-
peutically preferable to target sarA rather than msaABCR to achieve the desired clini-
cal result, particularly in the context of divergent clinical isolates of S. aureus.
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Mutation of the staphylococcal accessory regulator (sarA) attenuates the virulence
of divergent clinical isolates of Staphylococcus aureus in animal models of bac-

teremia, postsurgical osteomyelitis, and infective endocarditis (1–3). It also limits biofilm
formation in vitro and in vivo to a degree that can be correlated with increased
antibiotic susceptibility (2, 4–6). The effector molecule of the sarA regulatory system is
a 15-kDa protein that has been shown to impact the production of multiple S. aureus
virulence factors at a transcriptional level and by modulating the stability of mRNA
(7–12). We have also demonstrated that an important factor contributing to the
reduced virulence of sarA mutants, and their reduced capacity to form a biofilm, is the
increased production of extracellular proteases and resulting decrease in the accumu-
lation of multiple S. aureus proteins, including both surface-associated and extracellular
virulence factors (1, 13–17).

Thus, the sarA regulatory locus impacts both the production and the accumulation
of S. aureus virulence factors, and this collectively makes an important contribution to
diverse phenotypes that contribute to pathogenesis. This makes sarA a potential
therapeutic target, and efforts have been made to exploit sarA in this regard (17–19).
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However, S. aureus regulatory circuits are complex and highly interactive (20), and
mutation of other S. aureus regulatory loci within this circuit has also been shown to
increase protease production to a degree that limits biofilm formation (21–25).

Among these other loci is msa (modulator of sarA), mutation of which was originally
reported to limit the expression of sarA and the production of SarA itself (26). The msa
gene was identified in the 8325-4 strain RN6390 by a transposon insertion in the
open-reading frame SA1233 as designated in the N315 genome, but it was subse-
quently shown to be part of a four-gene operon now designated msaABCR (27). Genes
within the msa operon encode a putative protein (MsaA) with no known function, a
DNA binding protein (MsaB) shown to act as a transcription factor that regulates
expression of numerous genes, and a regulatory RNA (msaC) and an antisense RNA
(msaR) complementary to msaB (27). As would be expected based on the phenotypes
of sarA mutants (3, 4, 13, 15, 16, 28) and the role of msaABCR in enhancing expression
of sarA, mutation of msaABCR (hereinafter referred to as msa) has been correlated with
increased protease production and a decreased capacity to form a biofilm (25, 27, 29).

Mutation of msa was also reported to result in decreased expression of the accessory
gene regulator (agr) in the 8325-4 strain RN6390 but to have the opposite effect in the
clinical isolate UAMS-1 (26). Expression levels of the well-characterized agr-regulated
genes encoding alpha toxin (hla) and protein A (spa) also differed between these two
strains, while expression of the genes encoding aureolysin (aur) and SspA (sspA) was
increased in both strains. Differences between these two strains have also been
observed in the phenotype of their isogenic sarA mutants (30, 31). Such reports are not
surprising given that RN6390 has a mutation in rsbU that impacts the sigB regulatory
pathway (32), which has also been shown to impact expression of both agr and sarA as
well as protease production (33, 34). However, significant differences also exist among
clinical isolates, and to date, such strain-dependent differences have not been ade-
quately investigated. Thus, the overall impact of msa in divergent clinical isolates, and
the extent to which it is dependent on its interaction with sarA, remains unclear. In this
report, we addressed these issues by generating msa, sarA, and msa sarA mutants in the
methicillin-resistant USA300 strain LAC and the methicillin-sensitive USA200 strain
UAMS-1 and assessed the impact these mutations had on well-defined phenotypes
associated with their isogenic sarA mutants.

RESULTS AND DISCUSSION
Impacts of msa on sarA expression. Using an anti-SarA antibody (35), we first

assessed the production of SarA in msa mutants generated in LAC and UAMS-1 by
Western blotting. Experiments were performed using whole-cell lysates prepared from
equal numbers of CFU harvested from cultures in the mid-, late-, and post-exponential
growth phases. The results were comparable in both strains (Fig. 1) and confirmed that
mutation of msa results in reduced production of SarA, particularly during the mid- and
late-exponential growth phases. However, while the differences in the abundance of
SarA were in most cases statistically significant, they were also modest in that the
amount of SarA present in lysates prepared from LAC and UAMS-1 msa mutants was
consistently �50% of that observed in the isogenic parent strain irrespective of growth
stage. This is consistent with transcriptional analysis, which demonstrated that muta-
tion of msa results in a modest but statistically significant decrease in the levels of sarA
transcripts in both LAC and UAMS-1 compared to that in the isogenic parent strain
(Table 1). These studies also confirmed that this transcriptional phenotype could be
genetically complemented. These results are consistent with the hypothesis that msa
functions upstream to modulate the expression of SarA.

Impact of msa on biofilm formation. Thus, the important question becomes
whether the reduction in the amount of SarA observed in msa mutants is phenotypi-
cally relevant. One of the primary phenotypes that define sarA mutants in divergent
clinical isolates, including LAC and UAMS-1, is the reduced capacity to form a biofilm
(36). Using a well-established microtiter plate assay (28), we confirmed that mutation of
msa limits biofilm formation in both LAC and UAMS-1 but to a limited extent compared
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to that of the isogenic sarA mutants (Fig. 2). The relative impact of mutating msa versus
sarA was confirmed by demonstrating that concomitant mutation of both msa and sarA
limited biofilm formation to a level comparable to that observed in the isogenic sarA
mutant and well below that observed in the corresponding msa mutant (see Fig. S1 in
the supplemental material). These results are also consistent with the hypothesis that
msa is upstream of SarA and the observation that mutation of msa had only a modest
impact on the accumulation of SarA, but they also suggest that the reduced amount of
SarA observed in msa mutants is phenotypically relevant in the context of biofilm
formation.

If this is true, then restoring the production of SarA in an msa mutant should restore
biofilm formation. To investigate this, we introduced the same plasmid (pSARA) used to
genetically complement the sarA mutation into an msa mutant. Western blot analysis
confirmed that the accumulation of SarA was restored in both LAC and UAMS-1 msa
mutants (Fig. 3). Introducing pSARA also restored biofilm formation in a LAC msa
mutant but not in a UAMS-1 msa mutant (Fig. 2). The reasons for this strain-dependent
difference are unclear, but these results suggest that msa limits biofilm formation in
UAMS-1 owing to a sarA-independent regulatory effect.

FIG 1 Impact of msa on the accumulation of SarA. SarA accumulation was assessed by Western blotting
of whole-cell lysates prepared from mid-, late-, or post-exponential-phase cultures of LAC, UAMS-1 (U1),
and their isogenic msa and sarA mutants. Bar charts illustrate densitometry based on two biological
replicates. Densitometry results from samples prepared from each parent strain using cells obtained at
each growth phase were standardized to OD560 of 10. Error bars indicate standard errors of the means.
*, statistical significance relative to the isogenic parent strain; **, statistical significance relative to the
isogenic sarA mutant.

TABLE 1 sarA expression at mid-exponential growth phase

Strain Expression relative to WTa

LAC ΔmsaABCR 0.493 � 0.01
LAC ΔmsaABCR/pCN34::msaABCR 0.984 � 0.0168
UAMS-1 ΔmsaABCR 0.753 � 0.016
UAMS-1 ΔmsaABCR/pCN34::msaABCR 0.875 � 0.019
aWT, wild type.
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Impact of msa on protease production. To investigate the mechanistic basis for
these biofilm phenotypes, we examined the relative impact of mutating sarA and msa
on the production of extracellular proteases. This was based on our previous demon-
stration that the increased production of extracellular proteases plays a key role in
defining the biofilm-deficient phenotype of S. aureus sarA mutants (1). In LAC, mutation
of msa resulted in a statistically significant increase in overall protease activity as

FIG 2 Impacts of msa and sarA on biofilm formation. Biofilm formation was assessed with LAC, UAMS-1,
their sarA and msa mutants, and mutants complemented with sarA (S) or msa (M). Bar charts represent
cumulative results from at least two biological replicates, each of which included five experimental
replicates. Error bars indicate standard errors of the means. *, statistical significance relative to the
isogenic parent strain; **, statistical significance relative to the isogenic sarA mutant.

FIG 3 SarA accumulation in sarA- and msa-complemented mutants. SarA accumulation was assessed by
Western blotting of whole-cell lysates prepared from mid-exponential-phase cultures of LAC, UAMS-1,
their sarA and msa mutants, and mutants complemented with sarA (S) or msa (M). Bar charts illustrate
densitometry based on at least two experimental replicates. Densitometry was performed using samples
prepared from cells obtained at mid-exponential growth phase (standardized to OD560 of 1.5). Error bars
indicate standard errors of the means. *, statistical significance relative to the isogenic parent strain; **,
statistical significance relative to the isogenic sarA mutant.
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assessed using both casein- and gelatin-based fluorescence resonance energy transfer
(FRET) assays, although the impact was more evident in the casein-based assay than in
the gelatin-based assay (Fig. 4). This was not true in a LAC sarA mutant, where the
impact of mutating sarA on protease production was readily evident in both assays (Fig.
4). Additionally, restoring SarA production in a LAC msa mutant decreased protease
production, in the case of the casein-based assay, to wild-type levels. As might be
expected based on the relative sensitivity of the two assays, this was most evident
when assessed using the casein-based assay. However, mutation of msa in UAMS-1 did
not have a significant impact on overall protease activity as assessed using either
casein- or gelatin-based FRET assays (Fig. 4). As in LAC, mutation of sarA in UAMS-1
resulted in a statistically significant increase in protease production in both protease
assays. These results are also consistent with the hypothesis that the impact of
mutating msa on biofilm formation in UAMS-1 occurs via a sarA-independent
regulatory effect.

This strain-dependent difference was also apparent in assays employing gfp tran-
scriptional reporter constructs generated with the promoters from each of the genes
and/or operons encoding S. aureus extracellular proteases (aur, splA-F, sspABC, and
scpAB). Specifically, expression levels from all four reporters were significantly increased
in a LAC msa mutant but not to the level observed in the isogenic sarA mutant (Fig. 5).
In contrast, fluorescence was not increased to a significant extent in a UAMS-1 msa
mutant with any reporter other than the scp::gfp, and even then, the increase was
modest by comparison to fluorescence levels observed with the same reporter in the
LAC msa mutant and with all four reporters in the UAMS-1 sarA mutant (Fig. 5). These
results suggest that the strain-dependent impact of msa on protease production is
mediated at a transcriptional level.

These results also suggest the possibility of a cause-and-effect relationship between
increased protease production and decreased biofilm formation in a LAC msa mutant.
Indeed, there was an inverse and proportional relationship between protease produc-
tion and biofilm formation in LAC and its isogenic sarA, msa, and sarA msa mutants (see
Fig. S2). However, this inverse relationship was not apparent in a UAMS-1 msa mutant.
Mutation of msa in LAC also resulted in the decreased accumulation of both Hla and
extracellular protein A (eSpa) (Fig. 6). In contrast, in UAMS-1, which does not produce
Hla, the accumulation of eSpa was greatly reduced in a sarA mutant but not in the

FIG 4 Impacts of msa and sarA on protease production. Protease activity in conditioned medium (CM)
was assessed with LAC, UAMS-1, their sarA and msa mutants, and mutants complemented with sarA (S)
or msa (M). Protease activity was assessed using a fluorescein isothiocyanate (FITC)-casein cleavage
hydrolysis assay (left) and a FITC-gelatin cleavage hydrolysis assay (right). Results are reported as mean
fluorescence values (MFIs) � the standard errors of the means. Bar charts are representative of results
from at least two biological replicates, each of which included three experimental replicates. *, statistical
significance relative to the isogenic parent strain; **, statistical significance relative to the isogenic sarA
mutant.
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isogenic msa mutant. The reduced accumulation of eSpa observed in a LAC msa mutant
was reversed by eliminating the production of extracellular proteases, while in a
UAMS-1 msa mutant, the abundance of eSpa was not affected by the inability to
produce these proteases (Fig. 6).

These results demonstrate that mutating msa results in a significant increase in
protease production in LAC but not in UAMS-1. SDS-PAGE analysis of conditioned
medium (CM) from overnight cultures confirmed the decreased accumulation of high-
molecular-weight (HMW) proteins in a LAC msa mutant and that this was reversed by
eliminating the production of extracellular proteases (Fig. 7). As would be expected
based on the results discussed above, this effect was not apparent in a UAMS-1 msa
mutant. In contrast, mutation of sarA limited the accumulation of HMW proteins in CM
in both LAC and UAMS-1, and in both cases, this was reversed by eliminating the ability
of these mutants to produce extracellular proteases (Fig. 7).

FIG 5 Impacts of msa and sarA on protease gene expression. Reporter constructs were generated using
the promoters from each of the four genes/operons encoding extracellular proteases and the gene
encoding green fluorescent protein (gfp). Each construct was introduced into LAC, UAMS-1, and their
isogenic sarA and msa mutants. Mean fluorescence intensity (MFI) was assessed after overnight cultures
standardized to an OD560 of 10. Bars represent average MFIs � standard errors of the means from two
independent biological replicates, each of which included three experimental replicates. Statistical
analysis was performed independently for each strain and each reporter. *, statistical significance
compared to the isogenic parent strain; **, statistical significance compared to the isogenic sarA mutant.

FIG 6 Impact of extracellular proteases on accumulation of specific proteins. The abundance of alpha
toxin (Hla) and extracellular protein A (eSpa) was assessed by Western blotting of CM obtained from
stationary-phase cultures of LAC and UAMS-1, their sarA and msa mutants, and isogenic derivatives of
each strain unable to produce extracellular proteases (prot). Purified Spa and Hla were included as
positive controls. CM from LAC spa and hla mutants were included as negative controls.
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Impact of msa on PIA production. To examine other possibilities, we assessed the
production of the polysaccharide intracellular adhesin (PIA) in msa and sarA mutants.
PIA is known to contribute to biofilm formation, and it has been suggested that it plays
a particularly important role in methicillin-sensitive strains such as UAMS-1 (37). How-
ever, we were unable to detect PIA above background levels in LAC, UAMS-1, or their
isogenic sarA and msa mutants (see Fig. S3).

Impact of msa on extracellular nuclease. Extracellular DNA and the production of
extracellular nucleases have also been implicated in biofilm formation in both
methicillin-resistant and methicillin-sensitive strains (38). S. aureus produces at least
two nucleases, one of which (Nuc1) is a secreted extracellular protein, while the other
(Nuc2) remains bound to the cell surface (39). Mutation of sarA in UAMS-1 has been
shown to result in the increased production of these nucleases, and at least under in
vitro conditions, this has been shown to limit biofilm formation (40). Based on this, we
examined the impact of mutating msa on nuclease production with a specific focus on
the Nuc1 extracellular nuclease. This was facilitated by the availability of an anti-Nuc1
antibody (16), which allowed us to investigate this issue using Western blots of CM
harvested from overnight cultures of each strain. It is important to recognize that Nuc1
is produced in two forms, the smaller of which (NucA) is proteolytically derived from the
larger (NucB), and both of which are enzymatically active (41).

Relative to the parent strain, Nuc1 was present in increased amounts in a UAMS-1
sarA mutant, and all of the Nuc1 present that could be detected by Western blotting
was present in the smaller NucA form (Fig. 8). This suggests that the increased

FIG 7 Impacts of sarA and msa on accumulation of extracellular proteins. Extracellular protein profiles
were assessed by SDS-PAGE analysis of CM obtained from stationary-phase cultures of LAC, UAMS-1, their
sarA and msa mutants, and isogenic derivatives of each strain unable to produce extracellular proteases
(prot). MW, molecular weight marker.

FIG 8 Impacts of proteases on Nuc1 production and processing in sarA and msa mutants. The amount
of extracellular nuclease was assessed by Western blotting using CM from LAC, UAMS-1, their isogenic
sarA and msa mutants, sarA (S) or msa (M) complemented variants, and isogenic derivatives of regulatory
mutants unable to produce extracellular proteases (prot). A UAMS-1 nuc1 (nuc) mutant was included as
a negative control in both blots.
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production of extracellular proteases in a UAMS-1 sarA mutant can be correlated with
the absence of NucB. This was confirmed in Western blots with CM from a sarA mutant
unable to produce these proteases, in which case, all of the Nuc1 detected was in the
NucB form. Moreover, the overall abundance of Nuc1 was increased in the protease-
deficient UAMS-1 sarA mutant compared to that in the sarA mutant (Fig. 8). The
abundance of Nuc1 was also increased in a UAMS-1 msa mutant, and in this case, both
NucA and NucB were detectable by Western blotting. While the overall amount of Nuc1
was not increased in a protease-deficient UAMS-1 msa mutant, all of the Nuc1 present
was in the larger NucB form. This could be interpreted to suggest that mutation of msa
does result in an increase in protease production in UAMS-1 that is phenotypically
apparent, but we believe this would be an overinterpretation in that, unlike in the
isogenic protease-deficient sarA mutant, the amount of Nuc1 did not increase appre-
ciably in the UAMS-1 protease-deficient msa mutant (Fig. 8).

The increased abundance of Nuc1 observed in a UAMS-1 sarA mutant was not
apparent in a LAC sarA mutant, but it was apparent in the isogenic msa mutant (Fig. 8).
Unlike in the UAMS-1 msa mutant, all of the Nuc1 detectable by Western blotting in the
LAC msa mutant was present in the smaller NucA form. This is consistent with the
observation that mutating msa had a significant impact on protease production in LAC
but not in UAMS-1. As with the UAMS-1 protease-deficient sarA and msa mutants, only
NucB was detected in CM from the protease-deficient LAC sarA and msa mutants (Fig.
8). As with a UAMS-1 msa mutant, eliminating protease production in a LAC msa
mutant limited proteolytic processing of Nuc1 but did not appreciably alter the overall
amount. In contrast, the abundance of NucB was also enhanced in a protease-deficient
LAC sarA mutant compared to that in the isogenic sarA mutant itself. These results
demonstrate that the production of Nuc1 is increased in LAC and UAMS-1 sarA and msa
mutants. They also indicate that the abundance of Nuc1 is limited by increased
protease production in sarA mutants generated in both strains but that this is not the
case in LAC msa mutants. However, the impact of msa on protease production was still
evident in a LAC msa mutant, in that all of the Nuc1 present was present in the smaller
NucA form (Fig. 8).

Impacts of protease and nuclease production on biofilm formation. Given these
overlapping protease and nuclease phenotypes, we directly examined the impacts of
eliminating the production of extracellular proteases or Nuc1 on the biofilm-deficient
phenotype of LAC and UAMS-1 sarA and msa mutants. In both strains, eliminating the
ability to produce extracellular proteases enhanced biofilm formation in both sarA and
msa mutants to levels comparable to those observed in the isogenic parent strain (Fig.
9). This could be interpreted to suggest that the increased production of extracellular
proteases limits biofilm formation in msa mutants, even in UAMS-1. However, it is
important to note that eliminating protease production also enhanced biofilm forma-
tion in UAMS-1 itself to a greater extent than in LAC (Fig. 9). In fact, the increase in
biofilm formation observed in a protease-deficient derivative of UAMS-1 was compa-
rable to that observed in the UAMS-1 msa mutant, and this was not the case in the
same derivatives of LAC. Thus, we believe these results are also consistent with the
conclusion that the increased production of extracellular proteases limits biofilm
formation in a LAC msa mutant but not in a UAMS-1 msa mutant.

Biofilm formation was also enhanced in LAC and UAMS-1 msa mutants unable to
produce Nuc1, but once again, these results must be interpreted with caution, because
eliminating the production of Nuc1 also enhanced biofilm formation in the LAC and
UAMS-1 parent strains (Fig. 9). As with protease production, the increase in biofilm
formation observed in the nuclease-deficient UAMS-1 msa mutant was less than that
observed in the nuclease-deficient LAC msa mutant, and this was reflected in the
relative impact of eliminating Nuc1 production on biofilm formation (Fig. 9). In contrast,
eliminating the production of Nuc1 did have a significant impact on biofilm formation
in a UAMS-1 sarA mutant but not in a LAC sarA mutant (Fig. 9). This is consistent with
the observation that mutation of msa resulted in an increase in the abundance of Nuc1
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in a UAMS-1 sarA mutant but not in a LAC sarA mutant, although as previously
discussed, protease production was shown to limit the abundance and processing of
Nuc1 in sarA mutants generated in both strains.

Impact of msa on staphyloxanthin production. All of the results discussed above
are consistent with a model in which msa functions upstream to enhance the produc-
tion of SarA but also demonstrate that the impact of mutating msa on sarA-associated
phenotypes is strain dependent. There are also reports implicating mutation of msa in
LAC in phenotypes that have not been previously associated with sarA. One of these is
that mutation of msa in LAC results in the reduced production of staphyloxanthin (27),
which has been implicated as an important virulence factor in S. aureus (42). We
examined this in LAC and UAMS-1 sarA and msa mutants, and the results confirmed
that mutation of msa in LAC results in a statistically significant reduction in the
production of staphyloxanthin (Fig. 10) and consequently reduced pigmentation of
colonies on agar plates (data not shown). Importantly, unlike the relative impacts of
mutating sarA and msa on biofilm formation and protease production, the impact
of mutating msa exceeded that of mutating sarA in this regard, thus suggesting that the
impact of mutating msa on staphyloxanthin production is primarily independent of its
impact on sarA. In UAMS-1, the results of these assays provided an even more striking
contrast. Specifically, staphyloxanthin production was increased in a UAMS-1 sarA
mutant but decreased in the isogenic msa mutant (Fig. 10). Although the decrease
observed in a UAMS-1 msa mutant was not statistically significant, this contrast
nevertheless makes it evident that the impact of mutating msa on staphyloxanthin
production in UAMS-1 is independent of its impact on sarA.

Impact of msa in osteomyelitis. The results discussed above provide insight into
the impact of msa on sarA-associated phenotypes in divergent clinical isolates of S.
aureus. However, they also suggest, specifically, with respect to our staphyloxanthin
assays, that msa serves regulatory functions that are independent of its impact on sarA.

FIG 9 Impacts of extracellular proteases and nucleases on biofilm formation in msa and sarA mutants. Biofilm
formation was assessed with LAC, UAMS-1, their sarA and msa mutants, and isogenic derivatives of each strain
unable to produce either extracellular proteases (prot; top) or the extracellular nuclease Nuc1 (nuc; bottom). Bar
charts indicate cumulative results from at least two biological replicates, each of which included five experimental
replicates. Error bars indicate standard errors of the means. *, statistical significance relative to the isogenic parent
strain; **, statistical significance relative to the isogenic sarA mutant; ***, statistical significance relative to the
isogenic msa mutant.
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Moreover, all of these results are based on in vitro assays that do not necessarily reflect
the unique microenvironment of the bone. Thus, we wanted to directly assess the
relative contribution of msa and sarA to virulence in our murine osteomyelitis model (3,
43). As previously reported (3), mutation of sarA limited virulence in both strains as
assessed by reactive bone formation and cortical bone destruction, although in this
experiment, the reduction in cortical bone destruction observed with the UAMS-1 sarA
mutant did not reach statistical significance (Fig. 11). By comparison, mutation of msa
had only a modest impact on virulence in LAC, particularly in the context of cortical
bone destruction, and it had no significant impact in UAMS-1 in either reactive bone
formation or cortical bone destruction.

Conclusions. Most reports describing the impact of S. aureus regulatory loci on
clinically relevant phenotypes, including virulence, are based on examination of single
loci in a single strain, and this makes it difficult to reach conclusions regarding the
relative potential of different regulatory loci as therapeutic targets. We have attempted
to address this by directly comparing different regulatory mutants generated in diver-
gent clinical isolates of S. aureus using both in vitro and in vivo assays (3, 4, 44). The
results of these studies have led us to focus on sarA and to hypothesize that a primary
factor contributing to the impact of mutating sarA on virulence and virulence-
associated phenotypes is the increased production of extracellular proteases and the
limitation this imposes on the accumulation of both surface-associated and extracel-
lular virulence factors (1, 16). To date, we have not included the msaABCR operon in
these studies, and it is important to do so given that msa has been shown to function
upstream of sarA and to impact sarA-associated phenotypes, including biofilm forma-
tion and protease production (25–27, 29). This raises the possibility that msa could also
be a viable therapeutic target. Experimentally addressing this possibility was the focus
of the experiments we report. However, the results we report lead us to conclude that
this is not the case for two reasons. First, even in the genetically and phenotypically
divergent clinical isolates LAC and UAMS-1, the impacts of mutating msa on biofilm
formation and virulence in our osteomyelitis model were limited in comparison to

FIG 10 Staphyloxanthin production in sarA and msa mutants. Pigment was extracted from standardized
samples of bacteria grown to stationary phase and measured at an absorbance of 465 nm. Bar charts
represent cumulative results from at least four biological replicates, each of which included three
experimental replicates. Error bars indicate standard errors of the means. *, statistical significance relative
to the isogenic parent strain; **, statistical significance relative to the isogenic sarA mutants.
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those of mutating sarA. Second, the relative impacts of mutating msa differed between
these two strains with respect to both of these phenotypes. This emphasizes the need
for direct comparative studies like those we report, particularly given the complexity of
S. aureus regulatory circuits and the diversity among S. aureus strains as represented by
the USA300 isolate LAC and the USA200 strain UAMS-1.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The strains used in these experiments are summarized in

Tables 2 and 3. LAC and UAMS-1 mutants produced during the course of this work were generated by
�11-mediated transduction from existing mutants (1, 4, 13, 15, 27, 34, 44–53). Protease reporter plasmids
were also introduced into the designated mutants by �11-mediated transduction (23). All strains were
maintained at �80°C in tryptic soy broth (TSB) containing 25% (vol/vol) glycerol. For each experiment,
strains under study were retrieved from cold storage by plating on tryptic soy agar (TSA) with appropriate
antibiotic selection. Antibiotics were incorporated into the culture media as appropriate at the following
concentrations: chloramphenicol, 10 �g ml�1; kanamycin, 50 �g ml�1; neomycin, 50 �g ml�1; erythro-
mycin, 10 �g ml�1; spectinomycin, 1 mg ml�1; and tetracycline 5 �g ml�1. Kanamycin and neomycin
were always used together to avoid selection of spontaneously resistant strains.

Preparation of S. aureus conditioned medium. To prepare conditioned medium (CM), cultures of
each strain were grown overnight (16 h) in TSB at 37°C with constant shaking. The optical density at
560 nm (OD560) of each culture was determined, and fresh TSB was added to standardize each culture to
an equivalent optical density. Cells were then removed by centrifugation and CM prepared by filter
sterilization. Samples were stored at �80°C until used.

Preparation of whole-cell lysates. Whole-cell lysates were prepared as previously described with
minor modification (45). Briefly, strains were cultured at 37°C in TSB with constant shaking and a
medium-to-flask ratio of 0.5. Bacterial cells from a volume of each culture calculated to obtain an
equivalent number of cells were harvested by centrifugation at an OD560 of approximately 1.5, 4.0, and
10.0, which correspond to the mid�exponential, late�exponential, and post�exponential growth phases,
respectively. Cells were washed with sterile phosphate-buffered saline (PBS) and resuspended in 750 �l
of TEG buffer (25 mM Tris�HCl [pH 8.0], 25 mM EGTA). Cell suspensions were stored at �20°C until all
samples had been collected, at which point samples were thawed on ice, transferred to Fastprep Lysing
Matrix B tubes, and lysed in a FastPrep-24 benchtop homogenizer (MP Biomedicals) using two 40-s
intervals at a rate of 6.0 m/s interrupted by a 5-min interval during which the homogenates were chilled
on ice. After centrifugation at 15,000 � g for 10 min at 4°C, supernatants were harvested and stored at
�80°C.

FIG 11 Impacts of sarA and msa on the virulence of LAC and UAMS-1 in an osteomyelitis model. Images
were analyzed for cortical bone destruction and reactive (new) bone formation in C57BL/6 mice infected
with LAC, UAMS-1, or their isogenic sarA and msa mutants. Values are presented as volumes relative to
those in mock-infected mice which underwent the surgical procedure but were injected only with sterile
PBS. At least ten mice were analyzed for each mutant or respective parent strain. *, statistical significance
relative to the isogenic parent strain; **, statistical significance relative to the isogenic sarA mutant.
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Western blotting. SarA Western blotting was performed with an anti-SarA antibody and appropriate
secondary antibodies, as previously described (1, 15, 16). Western blots included at least two biological
replicates. Densitometric values were obtained with a Bio-Rad ChemiDoc MP imaging system and Image
Lab software (Bio-Rad Laboratories).

RNA isolation and real-time qPCR. Overnight cultures of S. aureus were diluted 1:10 in fresh TSB
and incubated at 37°C with shaking (200 rpm) for 2 h. The cells were then normalized to an OD600 of 0.05
in 25 ml TSB in a 125-ml conical flask and incubated at 37°C with shaking (200 rpm). The cells were
collected at mid-exponential growth phase. Total RNA was isolated from cells using a Qiagen RNeasy
Maxi column (Qiagen), as previously described (27). The quality of total RNA was determined by
NanoDrop spectrometer readings, and 1 �g RNA was used to synthesize cDNA using iScript Reverse
Transcription Supermix for reverse transcription-quantitative PCR (RT-qPCR) (Bio-Rad). RT-qPCR was
performed using iTaq Universal SYBR Green Supermix (Bio-Rad) as described previously (27). The
constitutively expressed gyrase A (gyrA) gene was used as an endogenous control gene and was included
in all experiments. The following primer sequences were used to measure sarA expression: RT-sarA-F,
TTTGCTTCAGTGATTCGTTTATTTACTC, and RT-sarA-R, GTAATGAGCATGATGAAAGAACTGTATT. Analysis of
expression of each gene was conducted based on at least three biological replicates.

Static in vitro biofilm assay. Biofilm formation was assessed in vitro using a microtiter plate assay
as previously described (28). Briefly, sterile 96-well microtiter plates were coated with 100 �l of 20%
carbonate-bicarbonate–reconstituted human plasma (Sigma) and incubated overnight at 4°C. Bacterial
cultures were grown overnight in TSB supplemented with 3% sodium chloride and 0.5% glucose (biofilm
medium [BFM]) at 37°C. Cultures were standardized to an OD560 of 0.05 in fresh BFM. Plasma was gently
aspirated, and the microtiter plate was inoculated with 200 �l of standardized culture per well. The plate
was incubated statically overnight at 37°C. Wells were gently washed three times with 200 �l PBS, fixed
with 200 �l 100% ethanol (EtOH), stained with 200 �l Gram’s crystal violet, and finally washed three times
with 250 �l PBS. The stain was eluted with 100 �l 100% EtOH for 10 min, the eluent was diluted into a
new 96-well plate, and the absorbance was measured at 595 nm with a FLUOstar Omega microplate
reader (BMG Labtech).

Total protease activity. Total protease activity of CM was assessed using the FRET-based protease
fluorescent detection kit (Sigma) and the EnzChek gelatinase/collagenase assay kit (Thermo Fisher
Scientific), both according to the manufacturer’s instructions.

Protease reporter assay. Strains carrying each protease reporter (pCM13, pCM15, pCM16, or pCM35)
were cultured in TSB overnight as detailed above. Cultures were then standardized to an OD560 of 10.0.
Two hundred microliters of each standardized culture was then aliquoted in triplicates into a black
clear-bottomed 96-well plate, and the mean fluorescence intensity (MFI) was measured with a FLUOstar
Omega microplate reader (excitation, 485 nm; emission, 520 nm) (BMG Labtech).

PIA immunoblot. Production of the polysaccharide intercellular adhesin (PIA) was assessed as
previously described with minor modifications (44). Specifically, cultures were grown overnight in BFM.

TABLE 2 LAC S. aureus strains used in this study

Strain Genotype and/or description Reference

UAMS-2279a Wild type 1
UAMS-2294 sarA::kan neo 1
UAMS-4001 sarA::kan neo, pSARA 1
UAMS-4520 ΔmsaABCR 27
UAMS-4521 ΔmsaABCR, pCN34::msaABCR 27
UAMS-4601 ΔmsaABCR, pSARA This work
UAMS-4545 ΔmsaABCR sarA::kan neo This work
UAMS-4222 Wild type, pCM13 (aur::sgfp) 23
UAMS-4223 sarA::kan neo, pCM13 (aur::sgfp) This work
UAMS-4537 ΔmsaABCR, pCM13 (aur::sgfp) This work
UAMS-4226 Wild type, pCM15 (spl::sgfp) 23
UAMS-4227 sarA::kan neo, pCM15 (spl::sgfp) This work
UAMS-4538 ΔmsaABCR, pCM15 (spl::sgfp) This work
UAMS-4230 Wild type, pCM16 (ssp::sgfp) 23
UAMS-4231 sarA::kan neo, pCM16 (ssp::sgfp) This work
UAMS-4539 ΔmsaABCR, pCM16 (ssp::sgfp) This work
UAMS-4234 Wild type, pCM35 (scp::sgfp) 23
UAMS-4235 sarA::kan neo, pCM35 (scp::sgfp) This work
UAMS-4446 spa::erm 34
UAMS-4552 hla::erm 52
UAMS-4540 ΔmsaABCR, pCM35 (scp::sgfp) This work
UAMS-3001 Δaur ΔsspAB ΔscpA spl::erm 47
UAMS-3002 sarA::kan neo Δaur ΔsspAB ΔscpA spl::erm 1
UAMS-4557 ΔmsaABCR Δaur ΔsspAB ΔscpA spl::erm This work
UAMS-2280 nuc::ltrB 41
UAMS-2295 sarA::kan neo nuc::ltrB This work
UAMS-4582 ΔmsaABCR nuc::ltrB This work
aVariant of the clinical isolate LAC which has been cured of the erythromycin resistance plasmid as
previously described (1).
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After standardization to OD560 of 5.0, cells were harvested by centrifugation and resuspended in 60 �l
0.5 M EDTA. Cell suspensions were boiled for 5 min followed by centrifugation (14,000 � g for 2 min).
Forty microliters of the supernatant was then incubated for 30 min at 48°C with 1 �l proteinase K
(10 mg/ml). Twenty microliters of Tris-buffered saline (20 mM Tris-HCl, 150 mM NaCl [pH 7.4]) was added
to each sample, which was then stored at �20°C. For analysis, 2 �l of each sample was spotted directly
to a dry nitrocellulose membrane, and PIA was detected by using an anti-PIA antibody as previously
described (44).

Characterization of exoprotein profiles. Exoprotein profiles were examined as previously described
(1). CM harvested as described above was resolved by SDS-PAGE using 4% to 12% gradient Novex Bis-Tris
Plus gels (Life Technologies). Proteins were visualized by staining with SimplyBlue SafeStain (Life
Technologies). Images were obtained using a Bio-Rad ChemiDoc MP imaging system (Bio-Rad Labora-
tories).

Staphyloxanthin production. The relative production of staphyloxanthin was assessed using bac-
terial cells harvested from overnight cultures as previously described (27). Briefly, cells were harvested
and standardized to an OD560 of 10.0 and washed twice with sterile water. Cells were then resuspended
in 1.0 ml of 100% methanol and heated at 55°C for 5 min with occasional vortexing. The cells were
removed by centrifugation at 15,000 � g for 1 min, and 100 �l of supernatant was placed into a 96-well
microtiter plate in triplicates. Absorbance values were read on a FLUOstar Omega microplate reader
(BMG Labtech) at 465 nm and background corrected with a methanol blank.

Murine model of posttraumatic osteomyelitis. The murine model of acute posttraumatic osteo-
myelitis was performed as previously described (43). Prior to surgery, 8- to 10-week-old C57BL/6 mice
received 2.0 mg/kg of body weight meloxicam via subcutaneous injection and were then anesthetized
with isoflurane for the duration of the surgery. For each mouse, an incision was made above the right
hind limb. The periosteum was pulled apart with forceps, and using a 21-gauge Precision Glide needle
(Becton, Dickinson), a 1-mm uni-cortical bone defect was made at the lateral midshaft of the femur. A
bacterial inoculum of 1 � 106 CFU in 2 �l of PBS was delivered into the intramedullary canal. The
periosteum and skin were then closed with sutures, and the mice were allowed to recover from
anesthesia. Infection was allowed to proceed for 14 days thereafter, at which time the mice were
euthanized and the right femur was removed and subjected to micro-computed tomography (micro-CT)
analysis. All experiments involving animals were reviewed and approved by the Institutional Animal Care
and Use Committee of the University of Arkansas for Medical Sciences and were performed according to
NIH guidelines, the Animal Welfare Act, and U.S. federal law.

Micro-computed tomography. The analysis of cortical bone destruction and new bone formation
was performed using micro-CT imaging with a Skyscan 1174 micro-CT (Bruker), and scans were analyzed
using the manufacturer’s analytical software. Briefly, axial images of each femur were acquired at a
resolution of 6.7 �m at 50 kV and 800 �A through a 0.25-mm aluminum filter. Bones were visualized
using a scout scan and then scanned in three sections as an oversize scan to image the entire femoral

TABLE 3 UAMS-1 S. aureus strains used in this study

Strain Genotype and/or description Reference

UAMS-1 Wild type 48
UAMS-929 sarA::kan neo 30
UAMS-969 sarA::kan neo, pSARA::cat 30
UAMS-4499 ΔmsaABCR 46
UAMS-4500 ΔmsaABCR, pCN34::msaABCR 46
UAMS-4603 ΔmsaABCR, pSARA This work
UAMS-4549 ΔmsaABCR sarA::kan neo This work
UAMS-4220 Wild type, pCM13 (aur::sgfp) This work
UAMS-4221 sarA::kan neo, pCM13 (aur::sgfp) This work
UAMS-4541 ΔmsaABCR, pCM13 (aur::sgfp) This work
UAMS-4224 Wild type, pCM15 (spl::sgfp) This work
UAMS-4225 sarA::kan neo, pCM15 (spl::sgfp) This work
UAMS-4542 ΔmsaABCR, pCM15 (spl::sgfp) This work
UAMS-4228 Wild type, pCM16 (ssp::sgfp) This work
UAMS-4229 sarA::kan neo, pCM16 (ssp::sgfp) This work
UAMS-4543 ΔmsaABCR, pCM16 (ssp::sgfp) This work
UAMS-4232 Wild type, pCM35 (scp::sgfp) This work
UAMS-4233 sarA::kan neo, pCM35 (scp::sgfp) This work
UAMS-4544 ΔmsaABCR, pCM35 (scp::sgfp) This work
UAMS-321 ica::tet 49
UAMS-1624 codY::ermC 50
UAMS-4412 xerC::erm 51
UAMS-1471 Δnuc 13
UAMS-1477 sarA::kan neo Δnuc 13
UAMS-4556 ΔmsaABCR Δnuc This work
UAMS-4574 Δaur ΔsspAB scpA::tet This work
UAMS-4578 sarA::kan neo Δaur ΔsspAB scpA::tet This work
UAMS-4583 �msaABCR Δaur ΔsspAB scpA::tet This work
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length. The volume of cortical bone was isolated in a semiautomated process per the manufacturer’s
instructions. Briefly, cortical bone was isolated from soft tissue and the background by global thresh-
olding (low threshold, 89; high threshold, 255). The processes of opening, closing, dilation, erosion, and
despeckling were configured using the bones from sham-treated controls to separate the new bone from
the existing cortical bone, and a task list was created to apply the same process and values to all bones
in the data set. After processing of the bones using the task list, the volume of interest (VOI) was
corrected by drawing inclusive or exclusive contours on the periosteal surface. Cortical bone destruction
analysis consisted of approximately 1,800 slices between anatomical landmarks at opposing ends of the
femur. Destruction was determined by subtraction of the volume of infected bones from the average
bone volume from sham-treated controls. Reactive new bone formation was assessed by first isolating
the region of interest (ROI) that contained only the original cortical bone (as described above). After
cortical bone isolation, the new bone volume was determined by subtracting the cortical bone volume
from the total bone volume. All calculations were performed on the basis of direct voxel counts.

Statistical analysis. To allow for statistical comparison across biological and experimental replicates,
the results obtained for each experimental replicate with each strain were averaged across all biological
replicates. For densitometric analyses of Western blots, protease assays, biofilm assays, and pigmentation
assays, results observed with the isogenic wild-type strain were set to 1.0, and these averages were then
plotted relative to the results observed with this strain. For protease reporter assays and micro-CT
analysis, absolute values were plotted for all replicates obtained with each strain. Analysis of variance
(ANOVA) models with Dunnett’s posttest adjustment were used to assess statistical significance. P values
of �0.05 were considered to be statistically significant. Statistical analyses were performed using the
statistical programming language R version 3.3.3 (R Foundation for Statistical Computing, Vienna,
Austria), SAS 9.4 (SAS Institute Inc., Cary, NC), and GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
SUPPLEMENTAL FILE 2, PDF file, 0.1 MB.
SUPPLEMENTAL FILE 3, PDF file, 0.1 MB.

ACKNOWLEDGMENTS
This work was supported by NIH grant R01-AI119380 to M.S.S. Additional support

was provided by a generous gift from the Texas Hip and Knee Center and research core
facilities supported by the Center for Microbial Pathogenesis and Host Inflammatory
Responses (P20-GM103450), the Translational Research Institute (UL1TR000039), and
the United States Army Congressionally Directed Medical Research Programs (W81X1H-
14-PRORP-EA).

We thank Alexander Horswill for generously providing the reporter constructs as
well as the protease- and nuclease-deficient strains of LAC. We also thank Horace J.
Spencer for assistance with statistical analyses and Christopher M. Walker for technical
assistance.

REFERENCES
1. Zielinska AK, Beenken KE, Mrak LN, Spencer HJ, Post GR, Skinner RA,

Tackett AJ, Horswill AR, Smeltzer MS. 2012. sarA-mediated repression of
protease production plays a key role in the pathogenesis of Staphylo-
coccus aureus USA300 isolates. Mol Microbiol 86:1183–1196. https://doi
.org/10.1111/mmi.12048.

2. Abdelhady W, Bayer AS, Seidl K, Moormeier DE, Bayles KW, Cheung A,
Yeaman MR, Xiong YQ. 2014. Impact of vancomycin on sarA-mediated
biofilm formation: role in persistent endovascular infections due to
methicillin-resistant Staphylococcus aureus. J Infect Dis 209:1231–1240.
https://doi.org/10.1093/infdis/jiu007.

3. Loughran AJ, Gaddy D, Beenken KE, Meeker DG, Morello R, Zhao H,
Byrum SD, Tackett AJ, Cassat JE, Smeltzer MS. 2016. Impact of sarA and
phenol-soluble modulins in the pathogenesis of osteomyelitis in diverse
clinical isolates of Staphylococcus aureus. Infect Immun 84:2586 –2594.
https://doi.org/10.1128/IAI.00152-16.

4. Atwood DN, Beenken KE, Lantz TL, Meeker DG, Lynn WB, Mills WB,
Spencer HJ, Smeltzer MS. 2016. Regulatory mutations impacting antibi-
otic susceptibility in an established Staphylococcus aureus biofilm. Anti-
microb Agents Chemother 60:1826 –1829. https://doi.org/10.1128/AAC
.02750-15.

5. Weiss EC, Zielinska A, Beenken KE, Spencer HJ, Daily SJ, Smeltzer MS.
2009. Impact of sarA on daptomycin susceptibility of Staphylococcus

aureus biofilms in vivo. Antimicrob Agents Chemother 53:4096 – 4102.
https://doi.org/10.1128/AAC.00484-09.

6. Weiss EC, Spencer HJ, Daily SJ, Weiss BD, Smeltzer MS. 2009. Impact of
sarA on antibiotic susceptibility of Staphylococcus aureus in a catheter-
associated in vitro model of biofilm formation. Antimicrob Agents Che-
mother 53:2475–2482. https://doi.org/10.1128/AAC.01432-08.

7. Chien Y, Manna AC, Cheung AL. 1998. SarA level is a determinant of agr
activation in Staphylococcus aureus. Mol Microbiol 30:991–1001. https://
doi.org/10.1046/j.1365-2958.1998.01126.x.

8. Chien Y, Manna AC, Projan SJ, Cheung AL. 1999. SarA, a global regulator
of virulence determinants in Staphylococcus aureus, binds to a conserved
motif essential for sar-dependent gene regulation. J Biol Chem 274:
37169 –37176. https://doi.org/10.1074/jbc.274.52.37169.

9. Gao J, Stewart GC. 2004. Regulatory elements of the Staphylococcus
aureus protein A (Spa) promoter. J Bacteriol 186:3738 –3748. https://doi
.org/10.1128/JB.186.12.3738-3748.2004.

10. Roberts C, Anderson KL, Murphy E, Projan SJ, Mounts W, Hurlburt B,
Smeltzer M, Overbeek R, Disz T, Dunman PM. 2006. Characterizing the
effect of the Staphylococcus aureus virulence factor regulator, SarA, on
log-phase mRNA half-lives. J Bacteriol 188:2593–2603. https://doi.org/10
.1128/JB.188.7.2593-2603.2006.

11. Reyes D, Andrey DO, Monod A, Kelley WL, Zhang G, Cheung AL. 2011.

Rom et al. Infection and Immunity

February 2020 Volume 88 Issue 2 e00530-19 iai.asm.org 14

https://doi.org/10.1111/mmi.12048
https://doi.org/10.1111/mmi.12048
https://doi.org/10.1093/infdis/jiu007
https://doi.org/10.1128/IAI.00152-16
https://doi.org/10.1128/AAC.02750-15
https://doi.org/10.1128/AAC.02750-15
https://doi.org/10.1128/AAC.00484-09
https://doi.org/10.1128/AAC.01432-08
https://doi.org/10.1046/j.1365-2958.1998.01126.x
https://doi.org/10.1046/j.1365-2958.1998.01126.x
https://doi.org/10.1074/jbc.274.52.37169
https://doi.org/10.1128/JB.186.12.3738-3748.2004
https://doi.org/10.1128/JB.186.12.3738-3748.2004
https://doi.org/10.1128/JB.188.7.2593-2603.2006
https://doi.org/10.1128/JB.188.7.2593-2603.2006
https://iai.asm.org


Coordinated regulation by AgrA, SarA, and SarR to control agr expres-
sion in Staphylococcus aureus. J Bacteriol 193:6020 – 6031. https://doi
.org/10.1128/JB.05436-11.

12. Morrison JM, Anderson KL, Beenken KE, Smeltzer MS, Dunman PM. 2012.
The staphylococcal accessory regulator, SarA, is an RNA-binding protein
that modulates the mRNA turnover properties of late-exponential and
stationary phase Staphylococcus aureus cells. Front Cell Infect Microbiol
2:26. https://doi.org/10.3389/fcimb.2012.00026.

13. Tsang LH, Cassat JE, Shaw LN, Beenken KE, Smeltzer MS. 2008. Factors
contributing to the biofilm-deficient phenotype of Staphylococcus au-
reus sarA mutants. PLoS One 3:e3361. https://doi.org/10.1371/journal
.pone.0003361.

14. Mrak LN, Zielinska AK, Beenken KE, Mrak IN, Atwood DN, Griffin LM,
Lee CY, Smeltzer MS. 2012. saeRS and sarA act synergistically to
repress protease production and promote biofilm formation in Staph-
ylococcus aureus. PLoS One 7:e38453. https://doi.org/10.1371/journal
.pone.0038453.

15. Beenken KE, Mrak LN, Zielinska AK, Atwood DN, Loughran AJ, Griffin LM,
Matthews KA, Anthony AM, Spencer HJ, Skinner RA, Post GR, Lee CY,
Smeltzer MS. 2014. Impact of the functional status of saeRS on in vivo
phenotypes of sarA mutants in Staphylococcus aureus. Mol Microbiol
92:1299 –1312. https://doi.org/10.1111/mmi.12629.

16. Byrum SD, Loughran AJ, Beenken KE, Orr LM, Storey AJ, Mackintosh
SG, Edmondson RD, Tackett AJ, Smeltzer MS. 2018. Label-free pro-
teomic approach to characterize protease-dependent and indepen-
dent effects of sarA inactivation on the Staphylococcus aureus exo-
proteome. J Proteome Res 17:3384 –3395. https://doi.org/10.1021/acs
.jproteome.8b00288.

17. Arya R, Princy SA. 2013. An insight into pleiotropic regulators agr and
sar: molecular probes paving the new way for antivirulent therapy.
Future Microbiol 8:1339 –1353. https://doi.org/10.2217/fmb.13.92.

18. Arya R, Ravikumar R, Santhosh RS, Princy SA. 2015. SarA based novel
therapeutic candidate against Staphylococcus aureus associated with
vascular graft infections. Front Microbiol 6:416. https://doi.org/10.3389/
fmicb.2015.00416.

19. Chen Y, Liu T, Wang K, Hou C, Cai S, Huang Y, Du Z, Huang H, Kong J,
Chen Y. 2016. Baicalein inhibits Staphylococcus aureus biofilm formation
and the quorum sensing system in vitro. PLoS One 11:e0153468. https://
doi.org/10.1371/journal.pone.0153468.

20. Priest NK, Rudkin JK, Feil EJ, van den Elsen JM, Cheung A, Peacock SJ,
Laabei M, Lucks DA, Recker M, Massey RC. 2012. From genotype to
phenotype: can systems biology be used to predict Staphylococcus
aureus virulence? Nat Rev Microbiol 10:791–797. https://doi.org/10.1038/
nrmicro2880.

21. Tu Quoc PH, Genevaux P, Pajunen M, Savilahti H, Georgopoulos C,
Schrenzel J, Kelley WL. 2007. Isolation and characterization of biofilm
formation-defective mutants of Staphylococcus aureus. Infect Immun
75:1079 –1088. https://doi.org/10.1128/IAI.01143-06.

22. Lauderdale KJ, Boles BR, Cheung AL, Horswill AR. 2009. Interconnections
between sigma B, agr, and proteolytic activity in Staphylococcus aureus
biofilm maturation. Infect Immun 77:1623–1635. https://doi.org/10
.1128/IAI.01036-08.

23. Mootz JM, Malone CL, Shaw LN, Horswill AR. 2013. Staphopains modu-
late Staphylococcus aureus biofilm integrity. Infect Immun 81:3227–3238.
https://doi.org/10.1128/IAI.00377-13.

24. Mootz JM, Benson MA, Heim CE, Crosby HA, Kavanaugh JS, Dunman PM,
Kielian T, Torres VJ, Horswill AR. 2015. Rot is a key regulator of Staphy-
lococcus aureus biofilm formation. Mol Microbiol 96:388 – 404. https://
doi.org/10.1111/mmi.12943.

25. Sahukhal GS, Batte JL, Elasri MO. 2015. msaABCR operon positively
regulates biofilm development by repressing proteases and autolysis in
Staphylococcus aureus. FEMS Microbiol Lett 362:fnv006. https://doi.org/
10.1093/femsle/fnv006.

26. Sambanthamoorthy K, Smeltzer MS, Elasri MO. 2006. Identification and
characterization of msa (SA1233), a gene involved in expression of SarA
and several virulence factors in Staphylococcus aureus. Microbiology
152:2559 –2572. https://doi.org/10.1099/mic.0.29071-0.

27. Sahukhal GS, Elasri MO. 2014. Identification and characterization of an
operon, msaABCR, that controls virulence and biofilm development in
Staphylococcus aureus. BMC Microbiol 14:154. https://doi.org/10.1186/
1471-2180-14-154.

28. Beenken KE, Blevins JS, Smeltzer MS. 2003. Mutation of sarA in Staphy-
lococcus aureus limits biofilm formation. Infect Immun 71:4206 – 4211.
https://doi.org/10.1128/iai.71.7.4206-4211.2003.

29. Sambanthamoorthy K, Schwartz A, Nagarajan V, Elasri MO. 2008. The
role of msa in Staphylococcus aureus biofilm formation. BMC Microbiol
8:221. https://doi.org/10.1186/1471-2180-8-221.

30. Blevins JS, Beenken KE, Elasri MO, Hurlburt BK, Smeltzer MS. 2002.
Strain-dependent differences in the regulatory roles of sarA and agr in
Staphylococcus aureus. Infect Immun 70:470 – 480. https://doi.org/10
.1128/iai.70.2.470-480.2002.

31. Beenken KE, Mrak LN, Griffin LM, Zielinska AK, Shaw LN, Rice KC, Horswill
AR, Bayles KW, Smeltzer MS. 2010. Epistatic relationships between sarA
and agr in Staphylococcus aureus biofilm formation. PLoS One 5:e10790.
https://doi.org/10.1371/journal.pone.0010790.

32. Herbert S, Ziebandt AK, Ohlsen K, Schäfer T, Hecker M, Albrecht D,
Novick R, Götz F. 2010. Repair of global regulators in Staphylococcus
aureus 8325 and comparative analysis with other clinical isolates. Infect
Immun 78:2877–2889. https://doi.org/10.1128/IAI.00088-10.

33. Giachino P, Engelmann S, Bischoff M. 2001. Sigma(B) activity depends on
RsbU in Staphylococcus aureus. J Bacteriol 183:1843–1852. https://doi
.org/10.1128/JB.183.6.1843-1852.2001.

34. Rom JS, Atwood DN, Beenken KE, Meeker DG, Loughran AJ, Spencer HJ,
Lantz TL, Smeltzer MS. 2017. Impact of Staphylococcus aureus regulatory
mutations that modulate biofilm formation in the USA300 strain LAC on
virulence in a murine bacteremia model. Virulence 8:1776 –1790. https://
doi.org/10.1080/21505594.2017.1373926.

35. Zielinska AK, Beenken KE, Joo HS, Mrak LN, Griffin LM, Luong TT, Lee CY,
Otto M, Shaw LN, Smeltzer MS. 2011. Defining the strain-dependent
impact of the staphylococcal accessory regulator (sarA) on the alpha-
toxin phenotype of Staphylococcus aureus. J Bacteriol 193:2948 –2958.
https://doi.org/10.1128/JB.01517-10.

36. Loughran AJ, Atwood DN, Anthony AC, Harik NS, Spencer HJ, Beenken
KE, Smeltzer MS. 2014. Impact of individual extracellular proteases on
Staphylococcus aureus biofilm formation in diverse clinical isolates and
their isogenic sarA mutants. Microbiologyopen 3:897–909. https://doi
.org/10.1002/mbo3.214.

37. McCarthy H, Rudkin JK, Black NS, Gallagher L, O’Neill E, O’Gara JP. 2015.
Methicillin resistance and the biofilm phenotype in Staphylococcus au-
reus. Front Cell Infect Microbiol 5:1. https://doi.org/10.3389/fcimb.2015
.00001.

38. Sugimoto S, Sato F, Miyakawa R, Chiba A, Onodera S, Hori S, Mizunoe Y.
2018. Broad impact of extracellular DNA on biofilm formation by clini-
cally isolated methicillin-resistant and -sensitive strains of Staphylococ-
cus aureus. Sci Rep 8:2254. https://doi.org/10.1038/s41598-018-20485-z.

39. Kiedrowski MR, Crosby HA, Hernandez FJ, Malone CL, McNamara JO, II,
Horswill AR. 2014. Staphylococcus aureus Nuc2 is a functional, surface-
attached extracellular nuclease. PLoS One 9:e95574. https://doi.org/10
.1371/journal.pone.0095574.

40. Beenken KE, Spencer H, Griffin LM, Smeltzer MS. 2012. Impact of extra-
cellular nuclease production on the biofilm phenotype of Staphylococcus
aureus under in vitro and in vivo conditions. Infect Immun 80:1634 –1638.
https://doi.org/10.1128/IAI.06134-11.

41. Kiedrowski MR, Kavanaugh JS, Malone CL, Mootz JM, Voyich JM, Smelt-
zer MS, Bayles KW, Horswill AR. 2011. Nuclease modulates biofilm for-
mation in community-associated methicillin-resistant Staphylococcus au-
reus. PLoS One 6:e26714. https://doi.org/10.1371/journal.pone.0026714.

42. Song Y, Liu C-I, Lin F-Y, No JH, Hensler M, Liu Y-L, Jeng W-Y, Low J, Liu
GY, Nizet V, Wang AH-J, Oldfield E. 2009. Inhibition of staphyloxanthin
virulence factor biosynthesis in Staphylococcus aureus: in vitro, in vivo,
and crystallographic results. J Med Chem 52:3869 –3880. https://doi.org/
10.1021/jm9001764.

43. Cassat JE, Hammer ND, Campbell JP, Benson MA, Perrien DS, Mrak LN,
Smeltzer MS, Torres VJ, Skaar EP. 2013. A secreted bacterial protease
tailors the Staphylococcus aureus virulence repertoire to modulate bone
remodeling during osteomyelitis. Cell Host Microbe 13:759 –772. https://
doi.org/10.1016/j.chom.2013.05.003.

44. Atwood DN, Loughran AJ, Courtney AP, Anthony AC, Meeker DG,
Spencer HJ, Gupta RK, Lee CY, Beenken KE, Smeltzer MS. 2015.
Comparative impact of diverse regulatory loci on Staphylococcus
aureus biofilm formation. Microbiologyopen 4:436 – 451. https://doi
.org/10.1002/mbo3.250.

45. Blevins JS, Gillaspy AF, Rechtin TM, Hurlburt BK, Smeltzer MS. 1999.
The staphylococcal accessory regulator (sar) represses transcription
of the Staphylococcus aureus collagen adhesin gene (cna) in an
agr-independent manner. Mol Microbiol 33:317–326. https://doi.org/
10.1046/j.1365-2958.1999.01475.x.

46. Batte JL, Samanta D, Elasri MO. 2016. MsaB activates capsule production

Impacts of msaABCR on sarA Phenotypes Infection and Immunity

February 2020 Volume 88 Issue 2 e00530-19 iai.asm.org 15

https://doi.org/10.1128/JB.05436-11
https://doi.org/10.1128/JB.05436-11
https://doi.org/10.3389/fcimb.2012.00026
https://doi.org/10.1371/journal.pone.0003361
https://doi.org/10.1371/journal.pone.0003361
https://doi.org/10.1371/journal.pone.0038453
https://doi.org/10.1371/journal.pone.0038453
https://doi.org/10.1111/mmi.12629
https://doi.org/10.1021/acs.jproteome.8b00288
https://doi.org/10.1021/acs.jproteome.8b00288
https://doi.org/10.2217/fmb.13.92
https://doi.org/10.3389/fmicb.2015.00416
https://doi.org/10.3389/fmicb.2015.00416
https://doi.org/10.1371/journal.pone.0153468
https://doi.org/10.1371/journal.pone.0153468
https://doi.org/10.1038/nrmicro2880
https://doi.org/10.1038/nrmicro2880
https://doi.org/10.1128/IAI.01143-06
https://doi.org/10.1128/IAI.01036-08
https://doi.org/10.1128/IAI.01036-08
https://doi.org/10.1128/IAI.00377-13
https://doi.org/10.1111/mmi.12943
https://doi.org/10.1111/mmi.12943
https://doi.org/10.1093/femsle/fnv006
https://doi.org/10.1093/femsle/fnv006
https://doi.org/10.1099/mic.0.29071-0
https://doi.org/10.1186/1471-2180-14-154
https://doi.org/10.1186/1471-2180-14-154
https://doi.org/10.1128/iai.71.7.4206-4211.2003
https://doi.org/10.1186/1471-2180-8-221
https://doi.org/10.1128/iai.70.2.470-480.2002
https://doi.org/10.1128/iai.70.2.470-480.2002
https://doi.org/10.1371/journal.pone.0010790
https://doi.org/10.1128/IAI.00088-10
https://doi.org/10.1128/JB.183.6.1843-1852.2001
https://doi.org/10.1128/JB.183.6.1843-1852.2001
https://doi.org/10.1080/21505594.2017.1373926
https://doi.org/10.1080/21505594.2017.1373926
https://doi.org/10.1128/JB.01517-10
https://doi.org/10.1002/mbo3.214
https://doi.org/10.1002/mbo3.214
https://doi.org/10.3389/fcimb.2015.00001
https://doi.org/10.3389/fcimb.2015.00001
https://doi.org/10.1038/s41598-018-20485-z
https://doi.org/10.1371/journal.pone.0095574
https://doi.org/10.1371/journal.pone.0095574
https://doi.org/10.1128/IAI.06134-11
https://doi.org/10.1371/journal.pone.0026714
https://doi.org/10.1021/jm9001764
https://doi.org/10.1021/jm9001764
https://doi.org/10.1016/j.chom.2013.05.003
https://doi.org/10.1016/j.chom.2013.05.003
https://doi.org/10.1002/mbo3.250
https://doi.org/10.1002/mbo3.250
https://doi.org/10.1046/j.1365-2958.1999.01475.x
https://doi.org/10.1046/j.1365-2958.1999.01475.x
https://iai.asm.org


at the transcription level in Staphylococcus aureus. Microbiology 162:
575–589. https://doi.org/10.1099/mic.0.000243.

47. Wörmann ME, Reichmann NT, Malone CL, Horswill AR, Gründling A.
2011. Proteolytic cleavage inactivates the Staphylococcus aureus lipo-
teichoic acid synthase. J Bacteriol 193:5279 –5291. https://doi.org/10
.1128/JB.00369-11.

48. Gillaspy AF, Hickmon SG, Skinner RA, Thomas JR, Nelson CL, Smeltzer
MS. 1995. Role of the accessory gene regulator (agr) in pathogenesis of
staphylococcal osteomyelitis. Infect Immun 63:3373–3380.

49. Beenken KE, Dunman PM, McAleese F, Macapagal D, Murphy E, Projan S,
Blevins J, Smeltzer M. 2004. Global gene expression in Staphylococcus
aureus biofilms. J Bacteriol 186:4665– 4684. https://doi.org/10.1128/JB
.186.14.4665-4684.2004.

50. Majerczyk CD, Sadykov MR, Luong TT, Lee C, Somerville GA, Sonenshein
AL. 2008. Staphylococcus aureus CodY negatively regulates virulence

gene expression. J Bacteriol 190:2257–2265. https://doi.org/10.1128/JB
.01545-07.

51. Atwood DN, Beenken KE, Loughran AJ, Meeker DG, Lantz TL, Graham
JW, Spencer HJ, Smeltzer MS. 2016. XerC contributes to diverse forms
of Staphylococcus aureus infection via agr-dependent and agr-
independent pathways. Infect Immun 84:1214 –1225. https://doi.org/
10.1128/IAI.01462-15.

52. Brann KR, Fullerton MS, Onyilagha FI, Prince AA, Kurten RC, Rom JS,
Blevins JS, Smeltzer MS, Voth DE. 2019. Infection of primary human
alveolar macrophages alters Staphylococcus aureus toxin production
and activity. Infect Immun 87:e00167-19. https://doi.org/10.1128/IAI
.00167-19.

53. Bae T, Schneewind O. 2006. Allelic replacement in Staphylococcus aureus
with inducible counter-selection. Plasmid 55:58 – 63. https://doi.org/10
.1016/j.plasmid.2005.05.005.

Rom et al. Infection and Immunity

February 2020 Volume 88 Issue 2 e00530-19 iai.asm.org 16

https://doi.org/10.1099/mic.0.000243
https://doi.org/10.1128/JB.00369-11
https://doi.org/10.1128/JB.00369-11
https://doi.org/10.1128/JB.186.14.4665-4684.2004
https://doi.org/10.1128/JB.186.14.4665-4684.2004
https://doi.org/10.1128/JB.01545-07
https://doi.org/10.1128/JB.01545-07
https://doi.org/10.1128/IAI.01462-15
https://doi.org/10.1128/IAI.01462-15
https://doi.org/10.1128/IAI.00167-19
https://doi.org/10.1128/IAI.00167-19
https://doi.org/10.1016/j.plasmid.2005.05.005
https://doi.org/10.1016/j.plasmid.2005.05.005
https://iai.asm.org

	RESULTS AND DISCUSSION
	Impacts of msa on sarA expression. 
	Impact of msa on biofilm formation. 
	Impact of msa on protease production. 
	Impact of msa on PIA production. 
	Impact of msa on extracellular nuclease. 
	Impacts of protease and nuclease production on biofilm formation. 
	Impact of msa on staphyloxanthin production. 
	Impact of msa in osteomyelitis. 
	Conclusions. 

	MATERIALS AND METHODS
	Bacterial strains and growth conditions. 
	Preparation of S. aureus conditioned medium. 
	Preparation of whole-cell lysates. 
	Western blotting. 
	RNA isolation and real-time qPCR. 
	Static in vitro biofilm assay. 
	Total protease activity. 
	Protease reporter assay. 
	PIA immunoblot. 
	Characterization of exoprotein profiles. 
	Staphyloxanthin production. 
	Murine model of posttraumatic osteomyelitis. 
	Micro-computed tomography. 
	Statistical analysis. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

