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We demonstrate that mutation of xerC, which reportedly encodes a homologue of an Escherichia coli recombinase, limits bio-
film formation in the methicillin-resistant Staphylococcus aureus strain LAC and the methicillin-sensitive strain UAMS-1. This
was not due to the decreased production of the polysaccharide intracellular adhesin (PIA) in either strain because the amount of
PIA was increased in a UAMS-1 xerC mutant and undetectable in both LAC and its isogenic xerC mutant. Mutation of xerC also
resulted in the increased production of extracellular proteases and nucleases in both LAC and UAMS-1, and limiting the produc-
tion of either class of enzymes increased biofilm formation in the isogenic xerC mutants. More importantly, the limited capacity
to form a biofilm was correlated with increased antibiotic susceptibility in both strains in the context of an established biofilm
in vivo. Mutation of xerC also attenuated virulence in a murine bacteremia model, as assessed on the basis of the bacterial loads
in internal organs and overall lethality. It also resulted in the decreased accumulation of alpha toxin and the increased accumula-
tion of protein A. These findings suggest that xerC may impact the functional status of agr. This was confirmed by demonstrating
the reduced accumulation of RNAIII and AgrA in LAC and UAMS-1 xerC mutants. However, this cannot account for the biofilm-
deficient phenotype of xerC mutants because mutation of agr did not limit biofilm formation in either strain. These results dem-
onstrate that xerC contributes to biofilm-associated infections and acute bacteremia and that this is likely due to agr-indepen-
dent and -dependent pathways, respectively.

Staphylococcus aureus is a ubiquitous human pathogen capable
of causing a wide variety of infections. These range from acute

infections like bacteremia to chronic biofilm-associated infec-
tions. It is generally assumed that severe, acute infections are de-
fined by the production of extracellular toxins, but a recent report
demonstrated a negative correlation between toxicity for mam-
malian cells and invasive disease among human isolates (1). Al-
though expression of the accessory gene regulator (agr), which is a
primary determinant of toxin production (2), is negatively corre-
lated with biofilm formation (3, 4), no correlation between toxic-
ity and biofilm formation was observed in the current study. In
fact, the only correlation was that decreased toxicity was associ-
ated with increased fitness, as assessed on the basis of survival in
human serum (1).

Nevertheless, it is clear that S. aureus has the capacity to cause
diverse forms of infection. In the case of acute infections, the pri-
mary therapeutic concern is acquired resistance and the decreas-
ing availability of effective antibiotics (5). In the case of biofilm-
associated infections, a critical concern is the biofilm itself, which
confers a therapeutically relevant level of intrinsic resistance to
both host defenses and conventional antibiotics (6–9). There are
multiple reasons for this, including the limited ability to achieve
effective concentrations of antibiotic at the site of infection, par-
ticularly within the deeper layers of the biofilm, but it has become
increasingly evident that biofilms contain subpopulations of bac-
terial cells that exhibit reduced metabolic activity (e.g., persister
cells), thus rendering them less susceptible to conventional anti-
biotics even if the antibiotic does reach its intended bacterial target
(10, 11). It is this intrinsic resistance that makes biofilms a critical
virulence factor in the pathogenesis of chronic S. aureus infec-
tions; indeed, it is one of the best prognostic indicators of potential
therapeutic failure (12). This emphasizes the need for alterna-

tive strategies that could be used to limit biofilm formation and
thereby increase the therapeutic efficacy of conventional anti-
biotics.

On the basis of this, much of our research effort has focused on
identifying factors that contribute to S. aureus biofilm formation
(13–17). To date, the single most promising target that we have
identified is the staphylococcal accessory regulator A (sarA), mu-
tation of which limits S. aureus biofilm formation to a degree that
can be correlated with increased antibiotic susceptibility and im-
proved therapeutic outcomes in relevant animal models (18–23).
We also confirmed that the increased production of extracellular
proteases plays an important role in defining the biofilm-deficient
phenotype of sarA mutants (14, 16, 17, 23, 24). Moreover, we
demonstrated that sarA mutants exhibit reduced virulence in a
murine bacteremia model and that this can also be correlated with
the increased production of extracellular proteases owing to the
decreased accumulation of specific virulence factors, including
alpha toxin and phenol-soluble modulins (23, 25). This suggests
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that inhibitors of sarA-mediated regulation could be used to ther-
apeutic advantage in diverse forms of S. aureus infection, and, in
fact, one potential inhibitor has been described (26).

Our recent studies comparing the impact of mutating sarA to
that of mutating other regulatory loci demonstrated that mutation
of sarA imposes a greater limitation on biofilm formation than
mutation of any of the other genes that we examined (17). These
studies, as well as additional studies focusing on the genes encod-
ing the proteases themselves (24), also confirmed an inverse cor-
relation between the production of extracellular proteases and
biofilm formation in both methicillin-resistant and methicillin-
sensitive strains of S. aureus. However, Fey et al. (27) screened the
1,952 transposon insertion mutants in the Nebraska Transposon
Mutant Library (NTML) and identified a number of mutants that
exhibited increased protease activity but were not included in our
earlier experiments. The mutated genes in two of these mutants,
xerC (also known as codV) and hslU (also known as clpY), are the
first and third genes in a four-gene operon that also includes clpQ
and codY (28). ClpQ associates with its ClpY ATPase partner to
form a two-component protease, but neither has been evaluated
in the context of biofilm formation (28). However, mutation of
the genes encoding other Clp ATPases has been shown to impact
biofilm formation (29). Mutation of codY has also been shown to
impact biofilm formation, but our studies demonstrate that its
impact is strain dependent (17). This suggests that multiple genes
in the xerC operon, including xerC itself, may be involved in bio-
film formation.

Mutation of codY has also been correlated with increased toxin
production and increased virulence in animal models of acute S.
aureus infection (30, 31). In contrast, Chalker et al. (32) generated
a nonpolar mutation in xerC in the S. aureus strain WCUH29 and
demonstrated that this mutant exhibited reduced virulence in a
murine model of hematogenous pyelonephritis. ClpY/Q play a
role in growth at high temperature and the generalized stress re-
sponse, but mutation of the genes for these proteins did not result
in reduced virulence in a murine soft tissue abscess model (28).
Nevertheless, these results suggest that genes within this operon,
including xerC, may also play a role in acute S. aureus infection.
Investigating these issues and doing so in diverse contemporary
clinical isolates of S. aureus, including those of the USA300 clonal
lineage, were the overall focus of the experiments that we report
on here.

MATERIALS AND METHODS
Bacterial strains and growth conditions. Mutant genes generated in the
plasmid-cured JE2 derivative of strain LAC (27) were obtained from the
Nebraska Transposon Mutant Library (NTML) through BEI Resources
(Manassas, VA; http://www.beiresources.org). The xerC mutation was
subsequently moved into strains LAC and UAMS-1 and their isogenic
sarA mutants via phage-mediated transduction (25). The derivative of
LAC that we employed was cured of its plasmid conferring resistance to
erythromycin (33), thus allowing erythromycin selection of transductants
in both the LAC and UAMS-1 recipients. Confirmation was subsequently
obtained by PCR of the targeted genes (data not shown) and, in the case of
LAC recipients, by comparison of EcoRI-digested genomic DNA, which
confirmed the presence of the small cryptic plasmid and its absence in the
JE2 donor (data not shown).

The xerC mutation was also transduced into derivatives of LAC and
UAMS-1 with a reduced capacity to produce extracellular proteases and
nucleases. The protease-deficient derivative of LAC was unable to pro-
duce any extracellular protease other than the proteases encoded by the spl

operon; the use of this protease-deficient strain was necessitated by the
fact that the spl mutation is defined by resistance to erythromycin (14, 16,
19, 23, 25). However, previous studies confirmed that biofilm formation
is comparable in LAC sarA mutants unable to produce any extracellular
protease and those that retain the capacity to produce only the spl-en-
coded proteases (17, 24). The protease-deficient derivative of UAMS-1
was unable to produce aureolysin, SspA, or SspB but retained the capacity
to produce the spl-encoded proteases and ScpA both for the reason dis-
cussed above and owing to the fact that we were unable to transduce the
scpA mutation from the JE2 derivative in NTML into this strain. The
nuclease-deficient derivatives of LAC and UAMS-1 were generated by
mutation of the nuc-1 gene as previously described (16). These mutations
and the identity of the recipient strains were also confirmed by PCR of the
targeted gene and additional genes and/or mutations that define each
recipient (data not shown).

Construction of the xerC complementation plasmid was done by PCR
amplification of the xerC open reading frame using genomic DNA from
the USA300 strain LAC as the template. For subsequent subcloning, the
forward primer contained an NdeI cut site (GGGCATATGTAAATGTAT
TGAATCATAT, where the NdeI cut site is underlined), and the reverse
primer included a BamHI cut site (CCCGGATCCGTAATGTTGTATTA
CTCAT, where the BamHI cut site is underlined). The amplification
product was cloned into the pCR2.1 TOPO vector (Invitrogen, Grand
Island, NY) and transformed into Z-Competent E. coli cells (Zymo Re-
search Corp., Irvine, CA). After verification by DNA sequencing (data not
shown), the plasmid was digested with NdeI and BamHI and the insert
was cloned into the shuttle vector pOS1 (34), such that expression of xerC
was under the control of the lipoprotein diacylglycerol transferase pro-
moter (pOS1-plgt) (35). The xerC complementation plasmid was first
used to transform the S. aureus strain RN4220 by electroporation. The
plasmid was then introduced into the appropriate strains by phage-medi-
ated transduction.

All strains were maintained at �80°C in tryptic soy broth (TSB) con-
taining 25% (vol/vol) glycerol. For each experiment, the strains under
study were retrieved from cold storage by plating on tryptic soy agar
(TSA) with appropriate antibiotic selection. The following antibiotics
were added to the culture media as appropriate at the indicated concen-
trations: erythromycin, 10 �g ml�1; tetracycline, 5 �g ml�1; kanamycin,
50 �g ml�1; and neomycin, 50 �g ml�1. Kanamycin and neomycin were
always used together to avoid the selection of spontaneously resistant
strains.

Assessment of biofilm formation. Biofilm formation was initially as-
sessed in vitro using a 96-well microtiter plate assay (19). Briefly, bacterial
cultures were grown at 37°C to stationary phase (16 h) in biofilm medium
(BFM) with antibiotics when appropriate. Cultures were standardized to
an optical density at 560 nm (OD560) of 0.05 in BFM without antibiotics.
The wells of a 96-well microtiter plate that had previously been coated
with 20% human plasma were then inoculated with 200 �l of this culture,
and the plate was incubated at 37°C for 24 h, at which point the plate was
washed three times with 200 �l phosphate-buffered saline (PBS), fixed
with 200 �l 100% ethanol (EtOH), stained with 200 �l crystal violet, and
washed three times with 200 �l PBS. The stain was then eluted with 150 �l
100% EtOH for 10 min before the eluent was diluted with an equal volume
of PBS. The absorbance was measured using a BioTek Synergy 2 micro-
plate reader (BioTek Instruments, Winooski, VT). All assays were per-
formed using at least two biological replicates, each of which contained a
minimum of three experimental replicates.

Antibiotic susceptibility assays. Relative susceptibility to daptomycin
and ceftaroline was assessed in vivo using a murine model of catheter-
associated biofilm formation (22). All in vivo experiments were approved
by the University of Arkansas for Medical Sciences Institutional Animal
Care and Use Committee. Specifically, a 1-cm fluorinated ethylene pro-
pylene (FEP) catheter segment was placed into a subcutaneous pocket
surgically created in each flank of female outbred NIH-Swiss mice (Har-
lan, Indianapolis, IN). Both to avoid an immune response to human pro-
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teins and because the catheter would presumably be coated with the cor-
responding murine proteins once it was implanted, catheters were not
precoated with human plasma. After implantation, 105 CFU of the test
strain in a total volume of 100 �l of PBS was introduced directly into the
lumen of each catheter. After 24 h, the mice were randomly divided into
treatment and nontreatment groups (n � 5). Because each mouse had two
catheters implanted and because our previous studies confirmed the ab-
sence of cross-contamination between catheters in opposite flanks of the
same mouse (data not shown) (22), each catheter was treated as an inde-
pendent data point (n � 10).

In the untreated groups, 100 �l of sterile PBS was injected into the
lumen of each catheter at daily intervals. In the treated groups, 100 �l of
sterile PBS containing 5.0 �g/ml daptomycin or 10 �g/ml ceftaroline was
injected into the lumen of the catheter at daily intervals for 5 days. These
concentrations were chosen on the basis of the results of preliminary
in vitro studies employing catheter-associated biofilms (data not shown)
and correspond to 5 and 10 times the concentrations defined by the Clin-
ical and Laboratory Standards Institute (CLSI) as the breakpoint MIC for
daptomycin and ceftaroline, respectively. Catheters were harvested 24 h
after the final treatment, rinsed in PBS to remove nonadherent bacteria,
and sonicated in 5.0 ml of PBS to remove adherent bacteria. Aliquots were
then plated on TSA, and the number of CFU per catheter was determined
after overnight incubation at 37°C.

Bacteremia model. Groups of 10 5- to 8-week-old female NIH-Swiss
mice were infected via tail vein injection with 5 � 107 CFU of LAC or 5 �
108 CFU of UAMS-1. Tissues were harvested from any mouse that died or
required compassionate euthanasia; otherwise, tissues were harvested at 6
days postinfection (23). Organs were removed aseptically and homoge-
nized on ice. Serial dilutions of each homogenate were then plated on
TSA, and the number of CFU per organ was determined following over-
night incubation at 37°C.

Western blotting. The relative amounts of AgrA and SarA were as-
sessed using whole-cell lysates prepared from stationary-phase cells and
rabbit polyclonal anti-SarA or anti-AgrA IgG antibodies (23, 36). Samples
were standardized for blotting on the basis of the total protein amounts, as
assessed by a Bradford assay. The production of alpha toxin and extracel-
lular protein A (eSpa) was assessed using standardized cell-free superna-
tants and rabbit polyclonal anti-alpha toxin and anti-protein A IgG anti-
bodies (25, 37). In this case, samples for blotting were standardized by
adjusting the optical density of each culture to an equivalent value prior to
harvesting of the supernatant; samples were not further standardized on
the basis of the Bradford assay because this would potentially mask the
impact of extracellular proteases on overall protein production. Second-
ary antibody was horseradish peroxidase (HRP)-conjugated goat anti-
rabbit IgG (Sigma Chemical Co., St. Louis, MO). Blotting assays were
performed using a minimum of three biological replicates. Blots were
developed with SuperSignal West Femto chemiluminescent substrate
(Thermo Scientific, Rockford, IL) and quantified using a Bio-Rad Chemi-
DocMP imaging system and Image Lab software (Bio-Rad Laboratories,
Inc.).

Assessment of protease and nuclease activity. Protease activity in
standardized samples of the cell-free supernatant from stationary-phase
(16 h) cultures grown without antibiotics was assessed using a protease
fluorescent detection kit (Sigma Chemical Co., St. Louis, MO) (23). Re-
sults are reported as relative fluorescence units and represent those from
at least two biological replicates, each of which included four experimen-
tal replicates. Nuclease activity was assessed using DNase test agar (Remel,
Lenexa, KS) (16).

PIA immunoblot assay. Production of the polysaccharide intercellu-
lar adhesin (PIA) was assessed as previously described with slight modifi-
cations (38). Specifically, cultures were grown overnight in BFM with
antibiotics as appropriate. After standardization to an OD660 of 8.0, cells
were harvested by centrifugation and resuspended in 60 �l 0.5 M EDTA.
Cell suspensions were boiled at 105°C for 8 min followed by centrifuga-
tion. Forty microliters of supernatant was then incubated for 30 min with

5 �l proteinase K (10 mg per ml) at 37°C to reduce nonspecific back-
ground levels. Fifty microliters of Tris-buffered saline (TBS; 20 mM Tris-
HCl, 150 mM NaCl [pH 7.4]) was added to the samples. Using a Bio-Dot
SF microfiltration apparatus (Bio-Rad Laboratories, Inc., Hercules, CA),
20 �l of this sample was spotted onto a nitrocellulose membrane pre-
soaked with TBS (Roche Diagnostics Corp., Indianapolis, IN). Each well
was then rinsed with 200 �l TBS. The membrane was then removed and
blocked in 2.5% skim milk overnight at 4°C. PIA production was assessed
using anti-PIA antiserum (kindly provided by Kim Jefferson, Virginia
Commonwealth University) diluted 1:500 in 2.5% skim milk. Primary
antibody was detected using HRP-conjugated goat anti-rabbit IgG sec-
ondary antibody (Sigma Chemical Co., St. Louis, MO). The blots were
developed and quantified as described above.

RNA isolation and qRT-PCR. S. aureus strains were grown at 37°C to
stationary phase (16 h), and RNA was isolated from 1.5 ml of cultures
adjusted to an OD660 of 2.0 using RNAzol RT (Molecular Research Cen-
ter, Inc.) as previously described (39). Quantitative reverse transcription-
PCR (qRT-PCR) was performed using primers specific for RNAIII (5=-A
TCGACACAGTGAACAAATTCAC-3= and 5=-CTCTACTAGCAAATGT
TACTCAC-3=) and gyrB (5=-TTACAGCAGCGTATTAGAGAGC-3= and
5=-CCTCATAGTGATAGGAGTCCTC-3=) (40). RNA from 3 indepen-
dent cultures was analyzed. The level of expression of RNAIII relative to
that of the gyrase control was calculated.

Statistical analysis. Analysis of variance (ANOVA) models with ap-
propriately defined contrasts or unpaired t tests were then used to esti-
mate differences between mutations for each strain and treatment sepa-
rately. Because many of the data clearly violate the assumptions of these
parametric tests, permutation methods were used to calculate P values
and when ANOVA models were used to adjust for multiple comparisons.
Data involving measures of the numbers of CFU were log10 transformed
prior to analysis. Data from experiments assessing protease activity, bio-
film formation, the amount of Spa, or the amount of alpha toxin were
scaled relative to the mean for the parent strain prior to analysis. Statistical
analyses were performed using the statistical programming language R
(version 3.2.2; R Development Core Team, Vienna, Austria), SAS soft-
ware (version 9.4; SAS Institute Inc., Cary, NC), and GraphPad Prism
software (version 5.0; GraphPad Software, La Jolla, CA). P values of �0.05
were considered statistically significant.

RESULTS
Impact of xerC on growth, protease production, and biofilm for-
mation. The NTML was generated in a strain designated JE2,
which is a derivative of the USA300 strain LAC cured of both its
larger plasmid conferring resistance to erythromycin (p03) and its
smaller cryptic plasmid (p01). We obtained seven of the NTML
mutants (the brnQ, hslU, ilvE, lacC, mob, xerC, and ydcE mutants)
in which the gene mutation is associated with increased protease
production (27), and the mutated genes in two of the mutants
(hslU and xerC) are contained within the xerC operon. Of these
seven mutants, four (the ilvE, lacC, mobB, and xerC mutants) were
found to exhibit significantly increased protease activity relative to
that of the JE2 parent strain (see Fig. S1 in the supplemental ma-
terial). All four of these mutants, as well as the hslU mutant, also
exhibited a reduced capacity to form a biofilm in vitro (see Fig. S1
in the supplemental material). However, mutation of xerC limited
biofilm formation to a much greater extent than mutation of any
other gene except sarA.

To facilitate direct comparisons with our earlier studies, the
impact of the transposon insertion in xerC was also assessed after
transduction of the xerC mutation from JE2 into the same deriv-
ative of the USA300 strain LAC used in these experiments. This
derivative was cured of the larger plasmid conferring resistance to
erythromycin but not the smaller cryptic plasmid (17, 23, 24).

Atwood et al.

1216 iai.asm.org April 2016 Volume 84 Number 4Infection and Immunity

http://iai.asm.org


Additionally, to assess the extent to which the results that we ob-
served were consistent among diverse clinical isolates, we also
transduced the xerC mutation into the USA200 methicillin-sensi-
tive strain UAMS-1 (41). Although a previous report found that
mutation of xerC in S. aureus resulted in an increase in the average
cell size, as assessed by flow cytometry, but did not impact the
overall growth rate (32), we found that it did limit the growth of
both LAC and UAMS-1 in rich medium in vitro, but only to a
modest extent (�2-fold), and even this difference was not appar-
ent once cultures reached late stationary phase (see Fig. S2 in the
supplemental material). Protease production was also increased
in both the LAC and UAMS-1 xerC mutants, although in both
cases it remained below that observed in the isogenic sarA mutants
(Fig. 1). Nevertheless, mutation of xerC did result in a significant
decrease in biofilm formation by both LAC and UAMS-1. In LAC,
the impact of mutating xerC was comparable to that observed in
an isogenic sarA mutant, while in UAMS-1, mutation of sarA had
a significantly greater impact than mutation of xerC (Fig. 1).

The decreased growth rate (see Fig. S2 in the supplemental
material) as well as the increased production of extracellular pro-
teases and the decreased capacity to form a biofilm (Fig. 1) were all
fully complemented in both LAC and UAMS-1 by introducing an
intact copy of xerC alone. This suggests that all of these pheno-
types are mediated by the xerC mutation itself rather than a polar
effect on downstream genes within the operon. The introduction
of codY on a plasmid did restore biofilm formation in a LAC xerC
mutant, but this was not the case in a UAMS-1 xerC mutant (see
Fig. S3 in the supplemental material). This strain-dependent effect
is consistent with our previous observation that mutation of codY
limited biofilm formation in LAC but had the opposite effect in
UAMS-1 (17). This suggests that the phenotypes observed when
we attempted to complement the xerC mutation by introducing
codY may reflect the overexpression of codY from a multicopy
plasmid. This is consistent with the observation that biofilm for-
mation was increased when the plasmid carrying codY was intro-

duced into LAC but decreased when it was introduced into
UAMS-1 (see Fig. S3 in the supplemental material), thereby dem-
onstrating that the impact of introducing codY is independent of
the functional status of xerC. Moreover, if the impact of mutating
xerC were due to downstream effects on codY, then it would be
anticipated that mutation of xerC would have a similar strain-
dependent effect on biofilm formation, and this was not the case
(Fig. 1).

Mechanistic basis for the biofilm-deficient phenotype of
xerC mutants. To determine if there is a cause-and-effect rela-
tionship between the increased protease production and de-
creased biofilm formation, we introduced the xerC mutation into
a derivative of LAC with mutations in the genes encoding aureo-
lysin, SspA, SspB, and ScpA (23) and a derivative of UAMS-1 with
mutations in the genes encoding aureolysin, SspA, and SspB. We
then compared the relative capacity to form a biofilm in these
protease-positive versus protease-deficient xerC mutants. The re-
sults confirmed that biofilm formation was almost fully restored
in a protease-deficient LAC xerC mutant and partially restored in
a protease-deficient UAMS-1 xerC mutant (Fig. 2). The fact that
limiting protease production had a greater impact in the LAC xerC
mutant than in the UAMS-1 xerC mutant could be interpreted to
mean that increased protease production is more important in the
former than the latter, but given the difference between these pro-
tease-deficient derivatives, it could also suggest an important role
for ScpA. Indeed, ScpA has been shown to limit S. aureus biofilm
formation under conditions like those employed in these experi-
ments (24, 42). However, we were unable to generate the UAMS-1
xerC aur sspAB scpA mutant required to test this hypothesis. Nev-
ertheless, this does not detract from the general conclusion that
the increased production of extracellular proteases plays a role in
limiting biofilm formation in both LAC and UAMS-1 xerC mu-
tants.

At the same time, mutation of xerC also appeared to result in
increased nuclease activity (see Fig. S4 in the supplemental mate-

FIG 1 Impact of xerC on protease production and biofilm formation. (A) Protease production in LAC (top), UAMS-1 (bottom), their isogenic derivatives with
mutations in sarA and/or xerC, and their genetically complemented xerC mutants (xerCC) was assessed using a fluorescence resonance energy transfer-based
assay. (B) Biofilm formation in LAC (top), UAMS-1 (bottom), isogenic derivatives with mutations in sarA and/or xerC, and complemented xerC mutants (xerCC)
was assessed using a microtiter plate assay. Permutation-based ANOVA models were used to perform these analyses. *, a significant difference relative to the result
for the isogenic parent strain; **, a significant difference by comparison to the result for the isogenic sarA mutant. RFU, relative fluorescence units.
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rial), and limiting nuclease production by mutating the nuc-1
gene also restored biofilm formation to a significant extent in both
the LAC and UAMS-1 xerC mutants (Fig. 2). These results dem-
onstrate that the increased production of both extracellular pro-
teases and nucleases contributes to the biofilm-deficient pheno-
type of LAC and UAMS-1 xerC mutants. Additionally, while
protease- and nuclease-deficient derivatives of the LAC and
UAMS-1 xerC mutants exhibited an increased capacity to form a
biofilm by comparison to that of the isogenic xerC mutants, they
did not exhibit an increased growth rate (see Fig. S2 in the supple-
mental material). Thus, the reduced capacity of xerC mutants to
form a biofilm cannot be explained by their reduced growth rate.

It has been proposed that biofilm formation in methicillin-
sensitive strains is more dependent on the production of the poly-
saccharide intercellular adhesin (PIA), while methicillin-resistant
strains rely on other factors, including extracellular DNA and sur-
face-associated proteins (43). Based on this, we also assessed the
impact of mutated xerC on the production of PIA. As was ob-
served in our earlier study (17), we could not detect PIA in LAC or
its isogenic xerC mutant, but it was detectable in a LAC codY
mutant (Fig. 3). PIA was detectable in UAMS-1, and in this case,
its production was increased in both xerC and codY mutants (Fig.
3). This is likely to account for why mutation of xerC had a re-
duced impact in UAMS-1 in comparison to the impact in LAC
(Fig. 1), but to the extent that PIA promotes biofilm formation, it
cannot account for the biofilm-deficient phenotype of a UAMS-1
xerC mutant.

Mutation of sarA also results in decreased biofilm formation
and increased production of proteases and nucleases (13, 16, 19).
Thus, one explanation for these results is that mutation of xerC
limits the production of SarA. However, Western blot analysis
confirmed that this was not the case, with the relative levels of SarA

being equivalent in LAC, UAMS-1, and their isogenic xerC mu-
tants (Fig. 3). Moreover, mutation of xerC and sarA had opposite
effects on the production of PIA (Fig. 3).

Impact of xerC on antibiotic susceptibility in the context of a
biofilm. Many S. aureus regulatory loci have been implicated in
biofilm formation (17), but few have been evaluated in the specific

FIG 2 Relative biofilm formation in xerC mutants as a function of protease and nuclease production. (A) Biofilm formation in LAC (top), UAMS-1 (bottom),
their respective xerC mutants, and their isogenic xerC mutants unable to produce all (LAC) or most (UAMS-1) S. aureus extracellular proteases was assessed using
a microtiter plate assay. (B) Biofilm formation in UAMS-1, LAC, their isogenic xerC mutants, and their nuclease-deficient xerC mutants unable to produce the
primary S. aureus extracellular nuclease (Nuc1) was assessed. Permutation-based ANOVA models were used to perform these analyses. *, a statistically significant
difference between the xerC mutant and its isogenic parent strain with the equivalent capacity to produce extracellular proteases (A) or nucleases (B); **, a
statistically significant difference between the protease or nuclease-deficient xerC mutant and the isogenic protease or nuclease-positive xerC strain.

FIG 3 Impact of xerC on PIA and SarA production. (A) PIA production in
UAMS-1, LAC, their isogenic sarA, xerC, codY, and ica mutants, and their
genetically complemented xerC mutants (xerCC) was assessed by Western dot
blotting. The ica and codY mutants were included as negative and positive
controls, respectively, on the basis of the fact that ica encodes the enzymes
necessary for PIA production, while mutation of codY was previously shown to
result in increased PIA production in UAMS-1 (17). (B) The abundance of
SarA was assessed by conventional Western blotting. The results shown are
representative of those from at least three biological replicates. WT, wild type.
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context of the clinical problem of reduced antibiotic susceptibil-
ity. We previously demonstrated that mutation of sarA results in
increased antibiotic susceptibility in vitro and in vivo (21, 22), and
the fact that mutation of xerC had an impact comparable to that of
mutation of sarA in our microtiter plate biofilm assay (Fig. 1)
suggests that mutation of xerC might also limit biofilm formation
to an extent that can be correlated with increased antibiotic sus-
ceptibility. To test this, we used our in vivo model of catheter-
associated biofilm formation (21, 22) to assess the relative suscep-
tibility of LAC, UAMS-1, and their isogenic sarA and xerC
mutants to daptomycin and ceftaroline. We chose daptomycin
because it is a membrane-active agent that is relatively effective
against stationary-phase and nondividing S. aureus cells (44). It
was also shown to penetrate staphylococcal biofilms and exhibit a
relatively high degree of efficacy in the context of an established
biofilm (21, 22, 45–47). Ceftaroline was chosen because it is a
beta-lactam antibiotic with activity against methicillin-resistant S.
aureus (48).

Although variation was observed between experiments, when
the results were assessed by the overall number of CFU per cath-
eter, statistically significant differences were observed between
LAC, UAMS-1, and their xerC mutants with respect to the relative
capacity to form a biofilm in this model and their relative suscep-
tibility to both daptomycin and ceftaroline (Fig. 4). The potential

clinical significance of this is best evidenced by the fact that no
catheters colonized with either parent strain were cleared of viable
bacteria after 5 days of exposure to either antibiotic (Fig. 5). In
contrast, �50% of catheters were cleared of viable bacteria, at least
within the limit of detection (500 CFU), when the experiments
were done with LAC or UAMS-1 xerC mutants, and this was true
irrespective of the antibiotic employed. In fact, the results ob-
served with the LAC and UAMS-1 xerC mutants were comparable
to those observed with the isogenic sarA mutants, thus suggesting
that xerC may also be a viable target for therapeutic intervention in
the context of S. aureus biofilm-associated infections.

Impact of xerC in acute hematogenous infection. We also
evaluated the relative ability of xerC mutants to cause acute infec-
tion following direct introduction into the bloodstream. The re-
sults confirmed that mutation of xerC in LAC limits virulence, as
assessed by the colony counts in the spleen and heart but not those
in the kidney (Fig. 6). In contrast, mutation of sarA resulted in a
significant reduction in virulence, as assessed in all three of these
organs. Overall virulence assessed on the basis of lethality was also
reduced to a significant extent in both LAC xerC and sarA mutants
(Fig. 6). These same relationships were observed with UAMS-1
xerC mutants, with colony counts being significantly reduced in
the spleen and heart but not the kidney and with overall viru-
lence assessed on the basis of lethality being significantly re-

FIG 4 Impact of xerC on biofilm formation and antibiotic susceptibility in vivo. Catheters were implanted into the flanks of mice prior to colonization with LAC
(A and C), UAMS-1 (B and D), or their isogenic sarA or xerC mutants. After 24 h, the lumen of each catheter was injected with sterile PBS (�) or the antibiotic
(�) daptomycin (A and B) or ceftaroline (C and D). This was continued daily for 5 days. At 24 h after the last injection, the catheters were recovered and processed
to assess the number of CFU remaining per catheter. The horizontal line within each group indicates the mean for that experimental group. Numbers above each
group are permutation-based unpaired t-test P values for that group compared to the result for the parent strain with or without antibiotic exposure as
appropriate. NS, not significant.
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duced in the mutants in comparison to that in the isogenic
parent strain (Fig. 7).

LAC and UAMS-1 xerC mutants were also found to produce
increased amounts of protein A (Fig. 8). In contrast, the amount
of alpha toxin was reduced in a LAC xerC mutant (UAMS-1 does
not produce alpha toxin). In the isogenic sarA mutants, both pro-
tein A and alpha toxin were essentially absent. Moreover, as would
be expected on the basis of the findings of our previous study (23),
limiting protease production restored the accumulation of both
protein A and alpha toxin in a LAC sarA mutant, but it had no
impact on the abundance of either protein in a LAC xerC mutant
(Fig. 8). This suggests that xerC plays a more direct regulatory role
in the production of these proteins. Increased production of pro-
tein A and decreased production of alpha toxin are characteristic
of S. aureus agr mutants. Based on this, we also assessed the impact
of mutating xerC on the accumulation of AgrA and RNAIII, and
the results confirmed that the relative amounts of both were re-
duced in xerC mutants (Fig. 9).

These results suggest that the reduced virulence of xerC mu-
tants observed in the context of bacteremia is likely due to reduced
agr function. However, this cannot account for the decreased ca-
pacity of xerC mutants to form a biofilm because mutation of agr
did not decrease biofilm formation in either strain (Fig. 10). A

FIG 5 Percentage of catheters cleared by antibiotic exposure. Results illustrate
the percentage of catheters (n � 10) colonized with LAC, UAMS-1, or their
isogenic xerC and sarA mutants that were cleared of viable bacteria with expo-
sure (treated [TX]) and without exposure (untreated [UT]) to the indicated
antibiotic.

FIG 6 Virulence of LAC xerC mutants in hematogenous infection. Mice were infected by tail vein injection with the indicated strains. Tissues were harvested
either upon compassionate euthanasia or after 6 days. The results shown are the colony counts obtained from each tissue in individual mice, with the horizontal
line within each group indicating the mean within that experimental group (A to C). Permutation-based ANOVA models were used to analyze these data. The
numbers above each group are P values for that group compared to the result for the isogenic parent strain. NS, not significant. (D) Kaplan-Meier survival curves
for mice hematogenously infected with LAC and its isogenic xerC or sarA mutant. Log rank tests were used to compare the results for the mutant and parent
strains. *, statistically significant difference by comparison to the result for the parent strain.

Atwood et al.

1220 iai.asm.org April 2016 Volume 84 Number 4Infection and Immunity

http://iai.asm.org


UAMS-1 agr xerC double mutant exhibited a reduced capacity to
form a biofilm, thereby demonstrating that mutation of xerC lim-
its biofilm formation irrespective of the functional status of agr,
while the increased capacity to form a biofilm observed in a LAC
agr mutant was also evident in the isogenic agr xerC mutant.

In LAC, one possible explanation for these results is that bio-
film formation is mediated by surface proteins that are produced
in increased amounts in an isogenic agr mutant and that the rela-

tively modest increase in protease production observed in a xerC
mutant does not reverse this as it does in a sarA mutant (23).
However, given the comparable levels of protease production in
the two xerC mutants, this would presumably also be true in a
UAMS-1 agr xerC mutant. Also, the difference cannot be a func-
tion of the impact of mutating xerC on PIA production in
UAMS-1 (Fig. 3), which would be expected to increase rather than
decrease biofilm formation. Thus, at present, we do not have an

FIG 7 Virulence of UAMS-1 xerC mutants in hematogenous infection. Mice were infected by tail vein injection with UAMS-1 (U1) or its isogenic xerC mutant.
Tissues were harvested after compassionate euthanasia or at 6 days after infection. (A) The results shown are the colony counts obtained from each tissue in
individual mice, with the horizontal line within each group indicating the mean within that experimental group. Permutation-based unpaired t tests were used
to compare the result for the isogenic xerC mutant to that for the parent strain. The numbers above each xerC mutant are P values for that group compared to
the result for the parent strain. NS, not significant. (B) Kaplan-Meier survival curves for mice hematogenously infected with UAMS-1 and its isogenic xerC
mutant. *, a statistically significant difference by the log-rank test when the result for the isogenic xerC mutant is compared to that for the parent strain.

FIG 8 Abundance of protein A and alpha toxin in xerC mutants. (A) The relative abundance of protein A (Spa), as assessed by measuring the amount of
extracellular Spa (eSpa) in clarified supernatants, was assessed in LAC, UAMS-1, and the indicated mutants by Western blotting. (B) The relative amounts of
alpha toxin in LAC and the indicated mutants were assessed by Western blotting. An alpha toxin mutant (hla) and purified alpha toxin were included as controls.
UAMS-1 does not produce alpha toxin and thus was not included in this experiment. *, a statistically significant difference by comparison to the results for the
isogenic parent strain; **, a statistically significant difference by comparison to the results for the isogenic sarA mutant. (C and D) The relative amounts of eSpa
(C) and alpha toxin (D) in LAC, its sarA and xerC mutants, and protease-deficient derivatives of each of these strains were assessed by Western blotting. *, a
statistically significant difference between the results for the protease-deficient derivative and the isogenic protease-positive strain. Permutation-based ANOVA
models were used to perform these analyses.
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explanation for this strain-dependent difference. However, in
the context of whether the impact of mutating xerC on biofilm
formation is mediated via an agr-dependent mechanism, this
difference is irrelevant, in that mutation of agr did not limit
biofilm formation in UAMS-1 or LAC, while mutation of xerC
did (Fig. 10).

DISCUSSION

The xerC gene encodes a homologue of an Escherichia coli recom-
binase previously shown to resolve multimers of DNA replicons
for efficient partitioning into daughter cells (49). The overwhelm-
ing majority of studies investigating xerC have focused on this
function (50–52), with very few considering its potential role in

pathogenesis. One exception is the report by Chalker et al. (32),
who found that mutation of xerC in S. aureus limited virulence in
a murine model of hematogenous pyelonephritis.

We were unable to demonstrate a significant decrease in bac-
terial burdens in the kidney, but we did confirm that mutation of
xerC results in significant attenuation, as assessed by the bacterial
burdens of the spleen and heart and as assessed on the basis of
overall lethality. Moreover, this was true in both the USA300 me-
thicillin-resistant S. aureus strain LAC and the USA200 methicil-
lin-sensitive S. aureus strain UAMS-1. Our results also demon-
strate that mutation of xerC limits biofilm formation to a degree
that can be correlated with increased antibiotic susceptibility in
vivo in both of these strains. Thus, the results of the experiments
that we report are the first to suggest that xerC is potentially a
viable therapeutic target in diverse forms of infection and in ge-
netically and phenotypically diverse strains of S. aureus. Our re-
sults also demonstrate that xerC impacts the ability to cause bio-
film-associated infections and acute hematogenous infections via
agr-independent and agr-dependent pathways, respectively. Mu-
tation of sarA also limits virulence in both of these clinical con-
texts, and in this case, the mechanistic basis for this attenuation is
largely due to the increased production of extracellular proteases
and the consequent decreased accumulation of both surface-asso-
ciated and extracellular virulence factors (23, 25). In the case of
xerC, this also appears to be true in biofilm-associated infections
but not in acute hematogenous infections. This suggests that the
impact of mutating xerC could be at least partially mediated
through sarA, which is also known to function via both agr-de-
pendent and agr-independent pathways (3, 53). However, muta-
tion of xerC did not result in the decreased accumulation of SarA.
According to the Staphylococcus aureus transcriptome meta-data-
base (SATMD), mutation of sarA also has no impact on the tran-
scription of xerC (54).

Thus, the full mechanistic basis for the impact of xerC remains
unknown. At the same time, it has been suggested that SarA func-
tions as an architectural protein capable of promoting DNA re-
combination (55), and as noted above, it has been demonstrated

FIG 9 Impact of xerC on agr. (A) The abundance of AgrA in LAC, UAMS-1, their isogenic sarA, xerC and agr mutants, and their genetically complemented xerC
mutants (xerCC) was assessed by Western blotting. (B) The abundance of RNAIII in the indicated strains was assessed by qRT-PCR. *, a statistically significant
decrease relative to the amount for the isogenic parent strain. Permutation-based ANOVA models were used to perform these analyses.

FIG 10 Relative impact of agr and xerC on biofilm formation. Biofilm forma-
tion was assessed in UAMS-1 (top), LAC (bottom), and their isogenic sarA,
agr, xerC, and agr/xerC mutants. *, a statistically significant difference relative
to the result for the isogenic parent strain; **, a statistically significant differ-
ence by comparison to the result for the isogenic agr mutant. Permutation-
based ANOVA models were used to perform these analyses.
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that xerC also encodes a recombinase (49). This suggests that SarA
and XerC may function through a common mechanism in which
the reduced capacity to control the DNA architecture has a global
impact on gene transcription. Alternatively, like sarA (56), xerC
could impact the production of S. aureus virulence factors via a
posttranscriptional effect on mRNA stability. Both of these possi-
bilities are under investigation.

Irrespective of the mechanism(s) involved, a primary motiva-
tion behind the experiments that we report on here was to deter-
mine whether mutation of xerC limits S. aureus biofilm formation
to a therapeutically relevant degree. The presence of a biofilm in S.
aureus infections confers a therapeutically relevant degree of in-
trinsic resistance to both host defenses and conventional antibiot-
ics, thus necessitating an interdisciplinary clinical approach that
often includes surgical debridement of bone infections and in-
fected tissues and definite removal of colonized medical devices
(7, 57, 58). The therapeutic recalcitrance of these infections to
conventional antibiotic therapy, the fact that their incidence is
predicted to increase dramatically in coming years, particularly in
the context of orthopedics (59, 60), and the growing impact of
acquired antibiotic resistance in S. aureus (61) all emphasize the
need for the development of novel therapeutic strategies to com-
bat S. aureus infections.

Our previous studies, when viewed collectively, strongly sug-
gest that sarA is a viable target in this regard and that, at least in the
context of biofilm-associated infection, may in fact be the best
target owing to the fact that mutation of sarA limits biofilm for-
mation to a greater degree than mutation of any other regulatory
locus that we have examined (16, 17, 19, 24, 25). Additionally, in
those few cases in which a given mutation enhanced biofilm for-
mation (e.g., mutation of agr, fur, or mgrA), concomitant muta-
tion of sarA reversed this effect (17), thereby suggesting that ther-
apeutic strategies targeting sarA may be less subject to the
development of resistance owing to mutations in other aspects of
S. aureus regulatory circuits.

The fact that all of the in vivo phenotypes that we observed with
LAC and UAMS-1 xerC mutants were comparable to those ob-
served with the isogenic sarA mutants suggests that xerC, which
was not included in our previous comparisons (17), may also be a
viable therapeutic target worthy of additional exploration. One
observation that argues against that is the increased production of
PIA in a UAMS-1 xerC mutant, although the impact of this was
not evident in any of our in vivo experiments. A second relevant
observation is that biofilm formation was not reduced in a LAC
agr xerC mutant. This is important because agr dysfunction is
common among clinical isolates and has been associated with
both increased mortality and decreased antibiotic susceptibility
(1, 62, 63). Thus, mutations leading to agr dysfunction would
presumably compromise therapeutic strategies targeting xerC in
at least some strains of S. aureus, at least in the context of biofilm-
associated infections, while such mutations would not be expected
to compromise therapeutic strategies targeting sarA.
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