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ABSTRACT

The ability of Staphylococcus aureus to resist host innate immunity augments the severity and pervasiveness of its pathogenesis.
Nitric oxide (NO˙) is an innate immune radical that is critical for the efficient clearance of a wide range of microbial pathogens.
Exposure of microbes to NO˙ typically results in growth inhibition and induction of stress regulons. S. aureus, however, induces
a metabolic state in response to NO˙ that allows for continued replication and precludes stress regulon induction. The regulatory
factors mediating this distinctive response remain largely undefined. Here, we employ a targeted transposon screen and tran-
scriptomics to identify and characterize five regulons essential for NO˙ resistance in S. aureus: three virulence regulons not for-
merly associated with NO˙ resistance, SarA, CodY, and Rot, as well as two regulons with established roles, Fur and SrrAB. We
provide new insights into the contributions of Fur and SrrAB during NO˙ stress and show that the S. aureus �sarA mutant, the
most sensitive of the newly identified mutants, exhibits metabolic dysfunction and widespread transcriptional dysregulation
following NO˙ exposure. Altogether, our results broadly characterize the regulatory requirements for NO˙ resistance in S. aureus
and suggest an intriguing overlap between the regulation of NO˙ resistance and virulence in this well-adapted human pathogen.

IMPORTANCE

The prolific human pathogen Staphylococcus aureus is uniquely capable of resisting the antimicrobial radical nitric oxide (NO˙),
a crucial component of the innate immune response. However, a complete understanding of how S. aureus regulates an effective
response to NO˙ is lacking. Here, we implicate three central virulence regulators, SarA, CodY, and Rot, as major players in the S.
aureus NO˙ response. Additionally, we elaborate on the contribution of two regulators, SrrAB and Fur, already known to play a
crucial role in S. aureus NO˙ resistance. Our study sheds light on a unique facet of S. aureus pathogenicity and demonstrates that
the transcriptional response of S. aureus to NO˙ is highly pleiotropic and intrinsically tied to metabolism and virulence regula-
tion.

The versatile Gram-positive pathogen Staphylococcus aureus is
the leading cause of skin and soft tissue infections (SSTIs)

in the United States but can also cause more severe illnesses,
including pneumonia, osteomyelitis, endocarditis, and bacte-
remia (1–5). The ability of S. aureus to infect virtually every tissue
of the body can be partially attributed to its extensive capacity for
subverting host immunity. One unique defense of S. aureus
against the immune system is resistance to nitric oxide (NO˙), a
membrane-permeable radical and broad-spectrum innate im-
mune effector required for the clearance of bacterial, viral, and
fungal pathogens (6). The ability of S. aureus to continue growth
in the presence of NO˙ at concentrations that are inhibitory to
other bacteria, including closely related staphylococci, contributes
to its invasiveness and pathogenic success. For example, the NO˙-
sensitive species Staphylococcus epidermidis is rapidly cleared from
model SSTIs in wild-type (WT) mice but is able to achieve high
bacterial density in mice deficient in NO˙ production (i.e., lacking
an inducible nitric oxide synthase [iNOS]) (7, 8). In contrast, S.
aureus is less affected by the presence of iNOS in multiple-infec-
tion models.

NO˙ and other reactive nitrogen species (RNS) are formed by
the oxidation of NO˙, target heme, iron-sulfur clusters, redox-
active thiols, lipids, and DNA (9–13). Thus, bacteria exposed to
NO˙ encounter a variety of biochemical and metabolic stresses,
such as DNA damage, altered metal homeostasis, and disrupted
metabolic enzymes, including components of the respiratory

chain. In Bacillus subtilis, Escherichia coli, and other NO˙-sensitive
bacterial species, NO˙ strongly induces general and oxidative
stress response regulons (i.e., SigB, PerR, Spx, OhrR, OxyR, and
SoxR) (14–18). In contrast, there is no evidence of increased SigB-
dependent transcription or oxidative stress regulon induction
(PerR) in S. aureus following NO˙ exposure, potentially reflecting
the significant NO˙ resistance of S. aureus compared to these other
species (6, 14). Instead, S. aureus evokes a unique program of
genetic regulation, resulting in the induction of a distinct meta-
bolic state that can support NO˙-resistant growth (6, 19, 20).

When high-level NO˙ disrupts respiration in S. aureus cells,
rising NADH levels inactivate the transcriptional repressor Rex,
resulting in the derepression of two lactate dehydrogenases, ddh
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and ldh1, of which ldh1 is unique to S. aureus (6, 21). In conjunc-
tion with a third lactate dehydrogenase, ldh2, these enzymes allow
nonrespiring S. aureus to perform heterolactic fermentation and
maintain redox homeostasis until NO˙ levels subside sufficiently
for respiration to resume (19). Whereas a �ldh1 �ldh2 dehydro-
genase mutant is extremely sensitive to NO˙ and avirulent in a
mouse bacteremia model, individual lactate dehydrogenase mu-
tants are only moderately sensitive (19). This redundancy under-
scores the evolutionary importance of NO˙ resistance to the
pathogenic success of S. aureus but also complicates the identifi-
cation of individual genes required for NO˙ resistance.

Respiration-limiting conditions imposed by NO˙ also stimu-
late the SrrAB two-component system, which controls genes in-
volved in maximizing respiratory capacity, repairing iron-sulfur
clusters, and supporting anaerobic metabolism (22, 23). Like its
homolog ResDE in B. subtilis, SrrAB is required for maximal ex-
pression of hmp, encoding a conserved flavohemoprotein that
detoxifies NO˙ to nitrate (6, 23, 24). Despite the fact that cells
without SrrAB activity retain residual Hmp-mediated NO˙ detox-
ification, �srrAB mutants are much more sensitive to NO˙ and
attenuated for virulence in a mouse model of bacteremia than
�hmp mutants (6). These data imply that in addition to hmp,
other SrrAB-regulated genes are important for S. aureus NO˙ re-
sistance. However, of the remaining SrrAB-controlled genes, only
qoxABCD, encoding an aa3-type terminal oxidase, has thus far
been shown to contribute to S. aureus NO˙ resistance (20, 23).
Consequently, a complete understanding of how SrrAB contrib-
utes to S. aureus NO˙ resistance is still lacking.

Another regulon commonly stimulated by NO˙ exposure is
that controlled by the ferric uptake regulator (Fur). This regulator
represses the expression of genes involved in iron acquisition, so
long as its ferrous iron corepressor is abundant (25, 26). Given
that NO˙ can nitrosylate fur-bound ferrous iron and render the
transcription factor inactive, the Fur regulon is highly induced by
NO˙ in S. aureus (6, 27). S. aureus �fur mutants are highly sensitive
to NO˙, yet the precise role of Fur in S. aureus NO˙ resistance has
not been fully explained (6, 15, 18, 28–30).

Several components of the known S. aureus NO˙ response are
controlled by as-yet-unidentified regulatory mechanisms, sug-
gesting that additional NO˙-responsive regulators exist beyond
those currently characterized. For example, while SrrAB is re-
quired for maximal hmp expression, hmp is still NO˙ inducible in
an srrAB mutant (6). In many Firmicutes and most beta- and gam-
maproteobacteria, hmp transcription is repressed by the Rrf2 fam-
ily transcription factor NsrR, which responds to NO˙ via a redox
active iron-sulfur cluster to derepress hmp (31–33). However, S.
aureus entirely lacks an NsR homolog, suggesting that other NO˙-
responsive regulators affect hmp transcription in S. aureus. The
regulation of ldh1 is likewise incompletely understood; full ldh1
induction requires S. aureus growth on glucose through an un-
known mode of transcriptional regulation that is independent of
CcpA (34). There are also numerous other S. aureus genes that
respond differentially to NO˙ but do not fall into the characterized
SrrAB, Fur, or Rex regulon (6, 14).

Considering the complex and redundant nature of NO˙ resis-
tance and the fact that the most severely NO˙-sensitive mutants
identified thus far are regulators (Fur and SrrAB), we reasoned
that the identification of key regulons important during NO˙
stress is a viable strategy for expanding our understanding of S.
aureus NO˙ resistance. In the present study, we combine a com-

prehensive screen of regulator transposon mutants with tran-
scriptomics to broadly define the regulatory requirements for an
effective S. aureus response to NO˙. In addition to SrrAB and Fur,
we identified three regulators not previously associated with NO˙
resistance: SarA, CodY, and Rot. Most notably, the sarA mutant is
as sensitive to NO˙ as the srrAB mutant and exhibits global gene
dysregulation and a unique aberrant metabolism following NO˙
exposure. Additionally, SarA, CodY, and Rot are all important
virulence regulators, highlighting the integration of NO˙ resis-
tance and virulence gene regulation in S. aureus.

MATERIALS AND METHODS
Bacterial strains and culture conditions. The bacterial strains, plasmids,
and primers used in this study are listed in Table S1 in the supplemental
material. The �rot::Spr, �sarA::Spr, �argGH::Err, and �guaAB �pbuX
�xpt::Err mutants were created via allelic exchange using previously de-
scribed methods (20). The �srrAB::Err and �fur::Kmr mutants were re-
constructed directly in S. aureus Newman and COL, using the previously
constructed allelic exchange vectors pTR43 and pTR46, respectively (6).
Mutations were subsequently transduced back into the original strain
background (using �80 for transduction from COL or Newman and �11
for transduction from LAC or JE2) to reduce the possibility of secondary
mutations developed during the mutant-making process. Bursa aurealis
transposon mutants from the Nebraska Library were obtained from the
Network on Antimicrobial Resistance in Staphylococcus aureus (NARSA).
The LAC �aur �sspAB �scpA �spl::Er (protease-null) mutant was pro-
vided by Lindsey Shaw (University of South Florida, Tampa, FL) (35). The
LAC and COL sarA::Kmr mutants were generated by �11-mediated trans-
duction from a previously constructed mutant (36). The Newman and
LAC �codY::Tcr mutants were constructed by �80-mediated transduc-
tion from a previously constructed mutant provided by Christiane Wolz
(University of Tübingen, Germany) (37). Complementation of srrAB was
carried out by cloning either cydAB or qoxABCD into the NdeI site of
pOS1-plgt (38), downstream of the constitutive lgt promoter, using a Gib-
son assembly (NEB).

S. aureus strains were cultured in tryptic soy broth (TSB), Luria-Ber-
tani broth (LB), LB with 0.5% glucose and 0.05 M Tris at pH 7.4 (LBGT),
or chemically defined medium (PN medium) with 0.5% glucose. Growth
curves were carried out in 200-�l cultures within a 96-well plate. Change
in absorbance (650 nm) was measured at 15-min intervals by a Tecan
Infinite M200 Pro microplate reader programmed for a series of 96 cycles
of 1-mm orbital shaking for 830 s, followed by 1-mm linear shaking for 30
s. Growth curves were inoculated from overnight cultures grown in TSB,
washed with phosphate-buffered saline (PBS), and diluted to an optical
density at 660 nm (OD660) of 0.01. The NO˙ donors used in this study were
2,2=-(hydroxynitrosohydrazono)bis-ethanimine (DETA)-NO or a mix-
ture of NOC-12 and diethylamine nitric oxide (DEA-NO), each resus-
pended in 0.01 N NaOH.

Measurement of NO˙ sensitivity during lag phase. Growth curves
were performed in the 96-well plate format as described above with NO˙
added at the time of inoculation. Due to the differential NO˙ sensitivities
of various S. aureus strain backgrounds, medium type and NO˙ concen-
tration were used in the following combinations for each strain back-
ground: JE2, LB medium, 5 mM DETA-NO; Newman, LBGT medium, 5
mM DETA-NO; COL, LBGT medium, 10 mM DETA-NO; and LAC,
LBGT medium, 10 mM DETA-NO. We selected LB broth for the initial
screen because it contains less heme (an NO˙-scavenging agent) than TSB
and brain heart infusion (BHI) agar (data not shown). For growth curve
experiments performed to replicate the S. aureus COL �srrAB,
�qoxABCD �hmp, and �cydAB �hmp mutant genotypes reported by
Kinkel et al. (23), our growth conditions were modified to match those
reported in their study (i.e., PN medium, 1 mM DEA-NO, and 5 mM
NOC-12 added at the time of inoculation, with a starting OD660 of 0.033).
These conditions were maintained for the �srrAB mutant complementa-
tion experiments.
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The NO˙ sensitivity of each strain was determined based on the extent
to which NO˙ extended its lag time. Lag time is defined as the time until an
OD650 of 0.2 (representing entry into early exponential phase) is reached.
The following equation was used to determine the amount by which NO˙
extended the lag time of each mutant compared to that of the WT (where
t is equal to the lag time of NO˙-exposed [tNO˙] or aerobically cultured
[taerobic] cells): (tNO˙ � taerobic)mutant/(tNO˙ � taerobic)WT. All mutant lag
times were normalized to the lag time of the WT on the same day to
account for experimental variability in DETA-NO strength. The viability
of Newman mutants exposed to NO˙ in this assay was determined by
serial dilution and plating of cells at the time of inoculation and after 8
h of NO˙ exposure.

Measurement of peroxide sensitivity. Newman mutants grown to an
OD660 of 0.2 in LBGT were exposed to 20 mM peroxide and shaken at 37°
in 1-ml culture volumes. Just before the addition of peroxide and again
following 1 h of peroxide exposure, cells were serially diluted and plated to
determine the change in viability.

Iron chelation experiments. S. aureus Newman WT and �fur mu-
tant strains were grown in the 96-well plate growth curve format (de-
scribed above) in LBGT either with or without the addition of 2 mM
2,2=-dipyridyl, a divalent cation chelator. To enhance NO˙-mediated
killing of the �fur mutant (compared to the moderate killing observed
when DETA-NO is added at the time of inoculation), cells were exposed to
an NO˙ mixture of 10 mM NOC-12 and 1 mM DEA-NO at an OD650 of
0.15. Viability was determined just before the addition of NO˙ and at 4 h
following NO˙ exposure by serial dilution and plating.

Hydroxyl radical measurement. S. aureus Newman WT and the �fur
mutant were grown from a starting OD650 of 0.04 in 96-well plates in
LBGT with 20 �M hydroxyphenyl fluorescein (Thermo Fisher Scientific).
After reaching an OD650 of 0.25 (after ~3.5 h), bacteria were washed once
in PBS and then resuspended in fresh LBGT, and an NO˙ mixture (10 mM
NOC-12, 1 mM DEA-NO) or 1 mM peroxide was added to select wells.
After 2 h, bacteria were resuspended in PBS, the OD650 was remeasured,
and then cells were transferred to black-bottom plates for measurement of
hydroxyphenyl fluorescein (HPF) fluorescence (excitation, 490 nm; emis-
sion, 520 nm) on a Tecan M200 plate reader.

Exponential-phase NO˙ exposure and characterization of the fer-
mentative/respiratory phases of growth. S. aureus COL cells were grown
in the 96-well plate growth curve format (described above) in PNG (0.5%
glucose) either aerobically or with a NO˙ mixture (1 mM DEA-NO, 10
mM NOC-12) added at an OD650 of 0.15. For both aerobic and NO˙-
exposed cultures, the time point at which cultures reached an OD650 of
0.15 was designated t0. Growth rates were calculated at 15-min intervals
using the equation �ln(Abs650)/�t (in hours). The fermentative growth
rate is the average growth rate over a 3-h period (corresponding to h 1 to
4) following the addition of NO˙. The respiratory growth rate is the aver-
age growth rate over a 45-min period corresponding to the peak growth
reached between 4 and 12 h following the addition of NO˙. The aerobic
growth rate is the average growth rate over the 45-min period correspond-
ing to peak logarithmic growth in cultures without the addition of NO˙
donor.

Intracellular ATP concentrations were measured using the BacTiter-
Glo microbial cell viability assay (Promega), according to the manufac-
turer’s instructions. ATP levels were normalized to the OD650 value for
each time point. Aerobic ATP levels were measured at the time of the
maximum growth rate (approximately t1), and NO˙ ATP levels were mea-
sured at 2-h intervals following the addition of NO˙.

For measurement of excreted metabolites, culture aliquots were re-
moved at 1-h intervals, heat inactivated at 70° for 5 min, and the super-
natants were collected. L-Lactic acid and acetic acid concentrations were
enzymatically determined using commercially available kits (Roche Yel-
low line kits; R-Biopharm AG, Darmstadt, Germany).

RNA-Seq. S. aureus COL WT and �sarA mutant strains were grown in
PNG and exposed to 4 mM DETA-NO at an OD660 of 0.4. RNA was
harvested after 1 h of incubation using a Qiagen RNeasy kit with the

modified protocol described by Carroll et al. (39). RNA was also collected
from WT cultures grown aerobically (without addition of NO˙) at an
OD660 of 0.5. Sample preparation for transcriptome sequencing (RNA-
Seq) and sequencing using the Ion Personal Genome Machine (PGM)
system were conducted as described previously (39, 40). Briefly, an Agi-
lent 2100 Bioanalyzer in combination with the Agilent RNA 6000 nano kit
were used to quantify RNA, equimolar amounts from three independent
replicates were pooled for each sample, and MICROBExpress (Life Tech-
nologies) and Ribo-Zero (Epicentre) kits were used to remove rRNA,
which was confirmed via the Agilent 2100 Bioanalyzer (Agilent RNA 6000
nano kit). RNA-Seq was conducted using the Ion total RNA-Seq kit ver-
sion 2 to prepare samples, the Ion PGM template OT2 200 kit to generate
template-positive Ion Sphere Particles, and the Ion 318 Chip version 2 for
sequencing with the Ion PGM sequencing 200 kit version 2. Data were
analyzed using CLC Genomics Workbench and were normalized via the
quantile normalization approach (41). Reads were mapped to the S. au-
reus COL genome. Reads per kilobase per million mapped reads (RKPM)
were designated the expression values, and genes with RPKM of �10 for
both conditions in a given comparison (i.e., WT cells grown aerobically
versus WT cells exposed to NO˙) were excluded from analysis. Genes with
�2-fold change in expression were further analyzed by STRING version
10.0 (42) and GoMiner (43) to identify groups of related genes with
changed expression.

qRT-PCR. For verification of the RNA-Seq results, quantitative real-
time PCR (qRT-PCR) was performed on RNA extracts collected from
aerobically grown and NO˙-exposed S. aureus COL cultures indepen-
dently of those used for RNA-Seq analysis. The SensiFAST SYBR & fluo-
rescein one-step kit (Bioline) was used, according to the manufacturer’s
instructions, to analyze 50 ng of total RNA per reaction on a MyiQ single-
color real-time PCR detection system (Bio-Rad). The primers used are
listed in Table S1 in the supplemental material.

RESULTS
Five regulators are essential for full NO˙ resistance in multiple S.
aureus strains. To identify regulatory proteins essential for NO˙
resistance in S. aureus, we screened a library of transposon mu-
tants with insertions in every nonessential predicted transcrip-
tional regulator for signs of NO˙ sensitivity (mutants obtained
from the Nebraska Transposon Mutant Library). In total, we
screened 115 regulatory transposon mutants comprising 110 tran-
scriptional regulators (approximately 80% of all predicted tran-
scriptional regulators in S. aureus), three sigma factors, and a Ser/
Thr kinase/phosphatase enzyme pair known to modulate the
functions of multiple regulatory proteins (44–48). To screen for
NO˙ sensitivity, we compared the normalized lag time (see Mate-
rials and Methods) of the regulatory mutants to that of WT S.
aureus following treatment with NO˙ at the time of inoculation.
WT cells typically exhibit an �2-h lag in buffered LB medium
supplemented with glucose; however, NO˙ donors, such as DETA-
NO, can extend the lag to �5 h (see Fig. S1 in the supplemental
material). Mutants with a significantly extended lag time specifi-
cally upon NO˙ exposure were considered NO˙ sensitive. Using
this lag time readout, we identified 28 transposon mutants that
were significantly more sensitive to NO˙ than the WT strain JE2
(see Data set S1 in the supplemental material). To verify that NO˙
sensitivity was associated with the transposon insertion and not a
secondary mutation, we transduced the top 12 most sensitive mu-
tants back into the WT JE2 strain background. We were primarily
interested in regulators important for NO˙ resistance across mul-
tiple strain backgrounds, so we additionally transduced each of
the 12 mutations into S. aureus strains COL and Newman.

Following transduction, five regulator mutants were signifi-
cantly sensitive to NO˙ in all three strain backgrounds: srrAB, fur,
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sarA, codY, and rot (Fig. 1A). We observed interesting strain dif-
ferences in NO˙ sensitivity for several other mutants (arlR, sarS,
sarU, and saeR), but for this paper, we focus on the five regulators
with significant sensitivity in all three backgrounds. We next con-
structed deletion mutants of each of these five regulators in S.
aureus Newman to use for subsequent experiments and to further
confirm phenotypes. Each deletion mutant exhibited a NO˙-sus-
ceptible phenotype comparable to its corresponding transposon
mutant (Fig. 1B and C).

Increased intracellular free iron sensitizes the �fur mutant
to NO˙. NO˙ generally exerts bacteriostatic effects on sensitive bac-
teria, with S. aureus being the primary exception, given its ability
to continue replicating in the presence of this immune radical.
Consistent with this, NO˙ was bacteriostatic for most of the iden-
tified sensitive regulatory mutants, with the exception of the �fur
mutant. NO˙ exposure at the time of inoculation reduced the vi-
ability of the �fur mutant by �60% in 8 h (Fig. 2A), which likely
resulted in its extended lag time.

One feature of NO˙ toxicity is the potentiation of reactive ox-
ygen species (ROS)-mediated bacterial killing (49). High-level
NO˙ disrupts cellular respiration, which can lead to the buildup of
cellular reductants capable of reducing iron to its ferrous state
(Fe2�) (50, 51). Free Fe2� then catalyzes the Fenton reaction,
whereby the highly reactive hydroxyl radical (˙OH) is generated
from peroxide. NO˙-mediated respiration inhibition also en-
hances endogenous ROS generation via increased univalent re-
duction of oxygen resulting from the excessive buildup of elec-
trons in the respiratory chain (52, 53). Because increased

sensitivity to oxidative stress might be a mechanism for enhanced
NO˙ susceptibility, we tested all five NO˙-sensitive regulatory mu-
tants for sensitivity to peroxide. We found that only the �fur mu-
tant exhibited enhanced susceptibility to killing by peroxide (Fig.
2B). This result suggests that most NO˙-sensitive regulatory mu-
tants exhibit defects that are specific to NO˙, except for the �fur
mutant, which is highly sensitive to ROS as well.

Fur, the master regulator of bacterial iron homeostasis, has
been described as essential for ROS tolerance as well as NO˙ resis-
tance in S. aureus and many other bacterial species (26, 54, 55). A
�fur mutant constitutively expresses iron acquisition genes due to
an inability to sense iron abundance. The resultant increase in
intracellular free iron potentiates Fenton chemistry (i.e., the gen-
eration of the highly reactive hydroxyl radical) under conditions
of oxidative stress, resulting in the observed sensitivity to peroxide
(54). To determine whether NO˙ sensitivity in the �fur mutant is
also due to excess intracellular iron, we exposed the �fur mutant
to NO˙ in the presence of the divalent cation chelator 2,2=-dipyri-
dyl (Fig. 2C and D). Iron chelation rescued both the survival and
growth of the �fur mutant in the presence of NO˙, indicating that
free iron accumulation is the primary cause of the �fur mutant
NO˙ sensitivity as well as ROS sensitivity.

To determine whether hydroxyl radical generation might play
a role in the NO˙ sensitivity of the �fur mutant, we used the dye
hydroxyphenyl fluorescein (HPF), which fluoresces green follow-
ing oxidation by ˙OH (Fig. 2E). Relative to the WT, the �fur mu-
tant exhibited enhanced fluorescence suggestive of excessive ROS
production even during aerobic growth, and the situation wors-

FIG 1 Five regulators are required for full NO˙ resistance in multiple strains of S. aureus (SA). (A) Mutations in S. aureus transposon mutants identified as
sensitive to NO˙ in the initial screen were transduced back into S. aureus JE2 as well as into S. aureus COL and Newman. The transduced strains were screened
for NO˙ sensitivity when exposed to 5 mM DETA-NO at inoculation. The lag time (time to OD650 of 0.2) for each NO˙-exposed strain was normalized to the lag
time for the strain under aerobic conditions. Graphs depict the ratio of mutant to WT lag times (n 	 3; error bars show the standard error of the mean [SEM]).
(B) Mutants with deletions in the five most broadly NO˙-sensitive regulators constructed in S. aureus Newman were grown in LBGT either with or without the
addition of 5 mM DETA-NO (n 	 3; error bars show SEM). (C) Mutant-to-WT lag time ratios of the NO˙-exposed Newman strains (depicted in panel B)
normalized to their respective aerobic lag times (n 	 3; error bars show SEM). Significance was calculated using Student’s two-sided t test to compare the
normalized mutant lag time to the normalized WT lag time (*, significantly different from the WT; P � 0.05).
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ened following exposure to peroxide and NO˙. Importantly, while
NO˙ exposure increased HPF fluorescence for both the WT and
the �fur mutant, levels of fluorescence remained higher in the
�fur mutant, indicating a possible role for ROS in its NO˙ sensi-
tivity. These data should be interpreted with caution, because HPF
can also be oxidized by peroxynitrite (a product of the reaction of
NO˙ and superoxide), oxidized metals, and an unknown prod-
uct(s) in dying cells (56, 57). However, the greater HPF fluores-
cence observed in the �fur mutant under all conditions is likely
attributable to excess iron potentiating ROS generation, regard-
less of what species are contributing to dye oxidation.

In general, regulators required for NO˙ resistance do not af-
fect the expression of known NO˙ resistance determinants. We
next investigated whether any of the five identified regulators are

required for the NO˙-mediated induction of hmp and ldh1, genes
known to be critical to S. aureus NO˙ resistance. We used reporter
plasmids harboring a transcriptional fusion of gfp to either the
hmp or ldh1 promoter to determine the level of NO˙-mediated
induction in each regulatory mutant. The �fur, �sarA, and �rot
mutants normally induced ldh1, and the �srrAB and �codY mu-
tants actually showed increased ldh1 induction compared to the
WT (see Fig. S2A in the supplemental material). Only the �srrAB
mutant exhibited moderate defects in hmp induction upon NO˙
exposure, a phenomenon well established in previous literature
(see Fig. S2B). Thus, the NO˙ sensitivity of these regulatory mu-
tants, aside from the �srrAB mutant, cannot be attributed to re-
duced transcriptional induction of previously characterized NO˙
resistance determinants.

FIG 2 The �fur single mutant is susceptible to killing by NO˙ and is rescued by iron chelation. (A) Percent survival of S. aureus Newman regulator mutants 8 h
after exposure to 5 mM DETA-NO in LBGT medium (n 	 3; error bars show SEM). (B) Percent survival of S. aureus Newman regulator mutants 1 h after
exposure to 20 mM peroxide in LBGT medium (n 	 3; error bars show SEM). (C and D) Percent survival (C) and growth (D) of WT Newman and �fur strains
4 h after exposure to a mixture of 10 mM NOC-12 and 1 mM DEA-NO in LBGT medium with or without 200 �M 2,2=-dipyridyl (DIP). NO˙ was added at an
OD650 of 0.15 (t0) (n 	 3; error bars show SEM). (E) Hydroxyl radical formation was measured by detecting the fluorescence of hydroxyphenyl fluorescein (HPF)
dye in the WT and the �fur mutant following 2 h of aerobic growth, exposure to a 1 mM peroxide, or exposure to a NO˙ mixture (10 mM NOC-12, 1 mM
DEA-NO). Relative fluorescence units (RFU) are normalized to the OD650 (data were pooled from two separate experiments for n of 4; error bars show SEM).
Significance for panels C and E was determined by a two-way analysis of variance test (ANOVA) with a post hoc Bonferroni multiple-comparison test (*, P � 0.05;
**, P � 0.01). n.s., nonsignificant.
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SrrAB is essential for the respiratory phase of S. aureus NO˙-
resistant growth. It has been suggested that the contribution of
SrrAB to NO˙ resistance in S. aureus is 2-fold. First, SrrAB is es-
sential for full induction of the flavohemoprotein Hmp. This en-
zyme detoxifies NO˙ to nitrate, thereby reducing intracellular NO˙
levels such that respiration can resume (58). Reduced Hmp pro-
duction in a �srrAB mutant presumably extends the period of
time during which NO˙ levels surpass the threshold that limits
respiration. Second, NO˙-mediated induction of respiratory cyto-
chromes is also SrrAB dependent (23). Increasing the levels of the
aa3 and bd respiratory cytochromes (encoded by qoxABCD and
cydAB, respectively) may aid in overcoming the inhibition of res-
piration imposed by NO˙. In fact, it has been reported that com-
bining the �hmp and �qoxABCD mutations fully recapitulates the
severe NO˙ sensitivity of a �srrAB mutant (23). We replicated this
finding and found that the �hmp �qoxABCD double mutant in-
deed phenocopies the �srrAB mutant during NO˙ stress (Fig. 3A
and B). However, the �hmp �qoxABCD mutant also has a defect
during normal aerobic cultivation compared to the �srrAB mu-
tant. Thus, the ratiometric comparison of lag times indicates that
the �qoxABCD �hmp mutant is still significantly less sensitive to
NO˙ than the �srrAB mutant (Fig. 3B). Additionally, whereas the
�cydAB single mutant is not sensitive to NO˙, we found that com-
bining the �hmp and �cydAB mutations leads to worsened NO˙
sensitivity compared to that with the �hmp mutation alone alone
(Fig. 3A and B). Together, these data suggest that induction of
both respiratory cytochromes by SrrAB serves to overcome respi-
ration inhibition during NO˙ stress.

To test the relative importance of SrrAB-mediated induction

of each respiratory cytochrome during NO˙ stress, we constitu-
tively expressed either qoxABCD or cydAB in the �srrAB mutant.
We found that overexpression of cydAB significantly rescued the
NO˙ sensitivity of the �srrAB mutant to a level comparable to that
of the �hmp single mutant, suggesting that the NO˙ sensitivity of
the �srrAB mutant can indeed be partially attributed to reduced
respiratory capacity (Fig. 3B and C). Unexpectedly, however,
overexpression of qoxABCD had no effect on the NO˙ sensitivity of
the �srrAB mutant, even though expression complemented the
�qoxABCD single mutant (indicating functionality of the comple-
ment vector) (Fig. 3C and D). This observation can be attributed
to the fact that SrrAB is also required for the induction of CtaAB,
which catalyzes the conversion of b-type heme molecules to the
a-type required for QoxABCD function (23, 59). Taken together,
these data suggest that the network of genes induced by SrrAB in
response to NO˙ is complex but ultimately contributes to over-
coming the respiration inhibition induced by high NO˙ levels.
This is accomplished in part by maximizing NO˙ detoxification
(via the hmp gene) and cytochrome production (via qoxABCD
and cydAB).

�srrAB and �sarA mutants exhibit defects specifically dur-
ing the respiratory phase of S. aureus NO˙ resistance. To further
explore the role of SrrAB as well as the other regulators in over-
coming respiration inhibition following NO˙ stress, we used an
assay in which NO˙ donors are added to aerobically growing S.
aureus in early exponential phase rather than lag phase. Following
the addition of donor in this assay, NO˙ levels rapidly increase to
the extent that respiration becomes inhibited, and then they sub-
sequently decrease (due to NO˙ escape and enzymatic detoxifica-

FIG 3 SrrAB is required for induction of both terminal oxidases during NO˙ stress. (A and C) S. aureus COL strains were grown in PNG either without or with
5 mM NOC-12 and 1 mM DEA-NO (n 	 3; graphs show representative growth curves). (B and D) The ratio of mutant to WT lag times in the presence of NO˙,
normalized to aerobic lag times, was calculated for the strains and growth conditions depicted in panels A and C, respectively (n 	 4 for panel B, and n 	 3 for
panel D; error bars show SEM). Significance was determined by one-way ANOVA with a post hoc Student-Newman-Keuls test (*, P � 0.05; **, P � 0.01). vect.,
vector.
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tion) to a level at which respiration can resume. We are able to
visualize the shift from fermentative growth (high NO˙) back to
respiratory growth (low NO˙) in distinct phases in this assay.
The fermentative phase of NO˙-resistant growth lasts for �4 h
and is easily visualized by a reduced growth rate and a diversion
of glycolytic carbon from acetate to lactate (Fig. 4A and C).
Conversely, resumption of respiratory growth is marked by an
increased growth rate, reassimilation of extracellular lactate,
and renewed production of acetate (Fig. 4A to C). In the re-
sumption of respiratory growth phase, NO˙ is still present but
at a level below that required for complete respiration inhibi-
tion (data not shown).

Consistent with our findings outlined above, the �srrAB mu-
tant has no growth defect during the fermentative phase but fails
to transition into the respiratory phase (Fig. 4B). That is, the
�srrAB mutant never resumes acetogenesis or reassimilates lactate
(Fig. 4C). Consequently, �srrAB mutants exhibit drastically re-
duced energy charge (ATP levels) compared to WT cells during
the period in which the WT has successfully entered the respira-
tory phase (Fig. 4C). Although the �codY and �rot mutants are
significantly sensitive to NO˙ when exposed at the time of inocu-
lation, they do not exhibit growth rate defects when NO˙ is added
to exponential-phase cells, suggesting that their NO˙ sensitivity is
specific to stationary- or lag-phase cells (Fig. 4B). In contrast, the
�sarA mutant behaves similarly to the �srrAB mutant in that it
exhibits growth defects specifically in the respiratory phase but
replicates at WT rates during the fermentative growth phase (Fig.
4A and B). However, unlike the �srrAB mutant, the �sarA mutant

resumes acetogenesis at the appropriate time, albeit at reduced
levels, but fails to reassimilate lactate during the respiratory phase
(Fig. 4C). Accordingly, the �sarA mutant exhibits reduced energy
charge (ATP levels) primarily during the respiratory phase (Fig.
4D). This reduction in acetogenesis and ATP levels in the �sarA
mutant is a specific effect of NO˙ exposure since it is not apparent
during aerobic growth (see Fig. S3 in the supplemental material).
Taken together, these data indicate that SarA is also required for
an effective switch from NO˙-resistant fermentative growth to
NO˙-resistant respiratory growth, but its role in this process is
distinct from that of SrrAB.

sarA mutant exhibits global gene dysregulation following ex-
ponential-phase NO˙ exposure. Because the SarA regulon has not
been studied in the context of NO˙ stress, we wanted to identify
transcriptional differences in the �sarA mutant during NO˙ expo-
sure that might account for its respiratory-phase growth defect.
Previous studies of the S. aureus response to NO˙ were performed
with very low NO˙ concentrations because the unique degree of S.
aureus NO˙ resistance had not yet been appreciated (6, 14). We
reasoned that exposure to a higher NO˙ dose, more representative
of that encountered during infection, might result in a more ro-
bust transcriptional response. Consequently, before examining
the �sarA mutant, we first wanted to extend our characterization
of genes that differentially respond to NO˙ in WT cells. Therefore,
we performed RNA-Seq on WT S. aureus COL either grown aer-
obically or exposed for 1 h to 4 mM DETA-NO, an elevated dose
compared to that used in previous studies. NO˙ induced a massive
transcriptional response, with 347 genes induced and 322 genes

FIG 4 �srrAB and �sarA mutants exhibit reduced growth rates associated with aberrant metabolisms and reduced energy charge following exponential-phase
NO˙ exposure. (A) Two phases of growth are observed following the addition of a NO˙ mixture (10 mM NOC-12 and 1 mM DEA-NO) to WT COL during early
exponential phase (OD650, 0.15): an initial fermentative phase characterized by linear growth rate and lactate production while NO˙ levels are high and a
subsequent respiratory phase characterized by resumption of exponential growth and respiration-dependent lactate consumption as NO˙ levels decrease (n 	 3).
(B) Fermentative and respiratory growth rates of S. aureus COL regulator mutants following addition of the NO˙ mixture at early exponential phase (OD650, 0.15)
(n 	 3). Significance was calculated using Student’s two-sided t test (*, significantly different from the WT; P � 0.05). (C and D) Lactate and acetate production
(C) and ATP levels (D) were measured periodically following exposure of S. aureus COL strains to the NO˙ mixture. Significance was calculated using Student’s
two-sided t test (asterisks indicate significant difference from the WT; *, P � 0.05; **, P � 0.01).
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repressed in NO˙-exposed compared to aerobically grown cells
(see Data set S2 in the supplemental material). We used qRT-PCR
to verify the RNA-Seq results for a subset of these genes (see Fig. S4
in the supplemental material). While many genes found to be
induced by NO˙ in a previous study were also upregulated in our
study, including much of the SrrAB and Rex regulons (hmp, qox,
cyd, scdA, pflAB, ldh1, and ddh), we observed an additional 322
genes induced by NO˙ that were not previously reported (6). Fur-
thermore, whereas the previous study found that approximately
45% of the genes induced by NO˙ belonged to the Fur regulon, we
did not observe an appreciable derepression of the Fur regulon
following NO˙ exposure. This likely reflects the differences in the
NO˙ donors used between the two experiments.

We next performed RNA-Seq on �sarA mutant cells exposed
to NO˙ and then compared transcriptional response to that of the
WT NO˙-exposed cells. Of the 347 genes induced by NO˙ in WT
cells, 133 were underexpressed in the �sarA mutant NO˙-exposed

cells (Fig. 5; see also Data set S3 in the supplemental material). We
used STRING version 10 (42), which groups genes based on both
physical and functional protein-protein interactions, to distin-
guish clusters of related genes that are NO˙ inducible in the WT
but underexpressed in a �sarA mutant. The largest clusters in-
cluded genes related to nitrate metabolism and biosynthesis of
purines, heme, arginine, and histidine (see Fig. S5A in the supple-
mental material). To investigate whether any of these pathways
are essential for S. aureus NO˙ resistance, we made selected mu-
tants in several of these groups (�guaAB �pbuX �xpt triple mu-
tant for purine biosynthesis; �nirBD mutant, �narGH �nirBD
double mutant, and �narK mutant for nitrate metabolism; and
�argGH mutant for arginine biosynthesis) and screened for NO˙
sensitivity (see Fig. S6 in the supplemental material). Individually,
only the �guaAB �pbuX �xpt mutant exhibited sensitivity to NO˙.
However, supplementation with guanine fully rescued the
�guaAB �pbuX �xpt mutant NO˙ sensitivity but had no effect on

FIG 5 The �sarA mutant exhibits global gene dysregulation following NO˙ exposure. RNA-Seq was performed on S. aureus COL WT and �sarA mutant strains
grown in PNG and exposed to 4 mM DETA-NO for 1 h at an OD660 of 0.4. (A) Venn diagram of genes induced by NO˙ in the WT and the �sarA mutant. Genes
induced in the WT were designated by a 
2-fold increase in expression in NO˙-exposed WT cells compared to aerobically grown WT cells. NO˙-exposed WT
expression levels were compared to NO˙-exposed �sarA mutant expression levels, and genes with 
2-fold-lower expression in the �sarA mutant were said to be
induced in the WT only. Genes with 
2-fold-greater expression in NO˙-exposed �sarA mutant cells compared to NO˙-exposed WT cells are said to be induced
in the �sarA mutant only. (B) Genomic map showing transcription profiles of NO˙-exposed WT and �sarA mutant strains. The middle (black) circle depicts
RPKM values for NO˙-exposed WT cells, and the inner (red) circle depicts RPKM values for the NO˙-exposed �sarA mutant. The outer (yellow) circle is a heat
map showing fold changes in expression between the WT and the �sarA mutant.
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the �sarA mutant. These results suggest that the inability to fully
induce purine biosynthesis, nitrate metabolism, or arginine bio-
synthesis alone does not explain the NO˙ sensitivity of the �sarA
mutant.

We also found that 230 genes were overexpressed in NO˙-ex-
posed �sarA cells compared to NO˙-exposed WT cells. STRING
analysis identified capsule biosynthesis, ureases, and Na�/H�

transport as the largest functional groups of genes overexpressed
in the �sarA mutant during NO˙ stress (see Fig. S5B in the supple-
mental material). Additionally, a gene ontology analysis using
GoMiner (43) identified genes in the category of pathogenesis,
including proteases (spl, ssp, and aur) and toxins, as the most
highly enriched category of genes that are overexpressed in the
�sarA mutant, consistent with previous �sarA mutant transcrip-
tomics studies (60–63).

Interestingly, the �sarA mutant is not the only NO˙-sensitive
mutant we identified that overproduces proteases; the �codY and
�rot mutants have also been characterized as overproducers of at
least several of the 10 extracellular proteases secreted by S. aureus
(64–69). SarA and Rot directly repress protease transcription,
whereas CodY indirectly represses protease transcription by re-
pressing agrA (Fig. 6A). Because of these connections, we won-
dered whether protease overproduction and/or effects on agr ac-
tivity might play a role in the NO˙ sensitivity of these mutants. To
test this, we obtained a protease-null S. aureus mutant in strain
LAC. We constructed codY, rot, and sarA mutations in the pro-
tease-null mutant background, as well as in an agrA mutant back-
ground, and screened for NO˙ sensitivity. Although abolishing
protease production did diminish the lag time of the �codY and
�sarA mutants under NO˙ stress, it also significantly diminished
the lag time of WT LAC under NO˙ stress to the same extent (Fig.
6B). Similarly, mutation of agrA trended toward reducing the lag
time of the �sarA, �codY, and �rot mutants but also trended
toward a comparably shortened lag for the WT (Fig. 6B). These
data suggest that although secreted proteases and agr activity ap-
pear to be counterproductive to NO˙ resistance, the NO˙ sensitiv-
ity of the �sarA, �codY, or �rot mutant cannot be explained by
protease overproduction or regulatory effects on agrA activity.

DISCUSSION

S. aureus is unique among pathogens in that it can continue to
replicate in the presence of high levels of NO˙. Correspondingly,
the transcriptional response of S. aureus to NO˙ is quite distinct
from that of other bacteria. However, the complete network of
genetic regulation mediating the S. aureus NO˙ response remains
poorly understood. In the present study, we further define the
regulatory requirements for S. aureus growth during nitrosative
stress by identifying five transcription factors required for full NO˙
resistance: SrrAB, Fur, CodY, SarA, and Rot. Our findings elabo-
rate upon the requirement for Fur and SrrAB during NO˙ stress,
implicate several known virulence factor regulators in NO˙ resis-
tance, and provide an initial foray into the metabolic and tran-
scriptional roles of the most NO˙-sensitive mutant newly identi-
fied in our study, the �sarA mutant.

Our results indicate that excess intracellular iron mediates NO˙
toxicity in the �fur mutant, an effect that is likely attributable to
increased Fenton chemistry and elevated ROS generation (Fig. 2).
However, the intracellular labile iron pool can also react with NO˙
directly to form dinitrosyl iron complexes (DNICs), which are the
foremost cause of protein S-nitrosylation in NO˙-exposed cells
(70). DNICs can alter the activities of many metabolic enzymes
and have widespread pathophysiological effects. Because chela-
tion of the labile iron pool would reduce both Fenton chemistry
and DNIC formation, we cannot distinguish from our results
which of these plays a more prominent role in the NO˙ toxicity
experienced by the �fur mutant. Whichever chemistry results in
the observed NO˙-sensitive phenotype of the �fur mutant, both
reaction mechanisms are enhanced upon overloading of cytosolic
free iron, a situation that results from genetic inactivation of fur.
Interestingly, the RNA-Seq results presented in this study differ
from those in a previous report in that we did not observe dere-
pression of the Fur regulon upon NO˙ exposure (6). This could be
explained by the fact that the previous microarray study used the
NO˙ donor S-nitroso-N-acetyl-DL-penicillamine (SNAP). This
NO˙ donor favors a transnitrosation reaction in which an NO�

equivalent directly nitrosylates Fur-bound ferrous iron, inactivat-
ing the transcription factor and resulting in massive derepression

FIG 6 Increased protease secretion and/or effects on agr activity do not explain the NO˙ sensitivity of the �sarA, �codY, and �rot mutants. (A) Summary of
known regulatory interactions among SarA, CodY, and Rot, protease production, and the agr system of S. aureus. (B) Ratio of mutant to WT lag times of S. aureus
LAC mutants grown in LBGT with the addition of 10 mM DETA-NO at the time of inoculation. The lag time (time to OD650 of 0.2) for each NO˙-exposed strain
was normalized to its aerobic lag time (n 	 7 for the protease-null [�protease] background, and n 	 3 for the agr background; error bars show SEM). For
comparison to the WT, significance was calculated using two-sided Student’s t test (*, P � 0.05). For comparisons between strains, significance was determined
by one-way ANOVA with a post hoc Student-Newman-Keuls test (*, P � 0.05).
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of the Fur regulon. In the present study, we used an authentic NO˙
donor (DETA-NO) less prone to catalyzing this type of chemistry.

This study confirms that the SrrAB two-component system is
essential for NO˙ resistance due to its role in the maximal expres-
sion of hmp. Additionally, we highlight another major role of
SrrAB during NO˙ stress in maximizing terminal oxidase expres-
sion to overcome the inhibitory effects of NO˙ on respiration.
Respiration is inhibited when NO˙ competitively binds the heme
cofactors of terminal oxidases (19). By increasing the total num-
ber of terminal oxidases per cell, SrrAB induction of Qox and Cyd
would effectively raise the threshold of NO˙ required to wholly
inhibit respiration, allowing Hmp to more quickly reduce NO˙ to
respiration-permissive levels. Indeed, the SrrAB-dependent in-
duction of both CydAB and QoxABCD contributes to NO˙ resis-
tance in that combining either the �cydAB or the �qoxABCD mu-
tation with the �hmp mutation exacerbated NO˙ sensitivity (Fig.
3). The reason that the mutant carrying the �qoxABCD mutation
alone had a NO˙ phenotype and the �cydAB mutant did not likely
stems from differences in the expression levels of QoxABCD and
CydAB. In fact, although both oxidases are induced by NO˙, the
relative transcript abundance of qoxABCD remains 
10-fold
higher than that of cydAB (see Data set S2 in the supplemental
material). Moreover, overexpression of cydAB improves the NO˙
sensitivity of the �srrAB mutant, supporting the idea that induc-
tion of either of the respiratory cytochromes is an important func-
tion of the SrrAB regulon during NO˙ stress. However, we cannot
rule out that differential affinities of the two terminal oxidases for
NO˙ may also contribute to the increased importance of Cyd when
Hmp induction is lacking.

On the other hand, the failure of qoxABCD overexpression to
rescue the �srrAB mutant following NO˙ exposure suggests that
other SrrAB-regulated genes, aside from hmp and qoxABCD, are
required for the NO˙-resistant growth of S. aureus. In fact, it has
been reported that ctaAB, which encodes enzymes required for the
biosynthesis of heme A, is SrrAB regulated (23, 59). Given that
cytochrome aa3 (Qox) requires heme A for activity but cyto-
chrome bd (Cyd) does not, the loss of ctaB induction in the �srrAB
mutant might preclude the restoration of Qox function even with
the overexpression of qoxABCD. Thus, although Qox and Cyd are
both important for SrrAB-mediated maximization of respiratory
flux, other genes within the regulon are also required. Altogether,
we have established that the contribution of SrrAB to NO˙ resis-
tance in S. aureus involves the induction of NO˙ detoxification and
the maximization of respiratory capacity. Both serve to reestablish
respiration, a source of energy generation far superior to sub-
strate-level phosphorylation (via glycolytic lactic acid fermenta-
tion), to NO˙-stressed cells.

In addition to SrrAB, we found that the global regulator SarA is
required for S. aureus NO˙-resistant metabolism. Like the �srrAB
mutant, the �sarA mutant exhibits a major defect in transitioning
to the respiratory phase of NO˙-resistant growth, as indicated by a
reduced growth rate, inability to reassimilate lactate, and reduced
ATP levels (Fig. 4). Although the �srrAB and �sarA mutants ex-
hibit similar NO˙-sensitive phenotypes, our RNA-Seq results for
the �sarA mutant and published transcriptomics data for �srrAB
mutants suggests that the two do not regulate each other (23, 59).
The identification of specific SarA-regulated genes required for
NO˙ resistance is complicated by the large effect of SarA on overall
transcript abundance following NO˙ stress (
350 genes), a result
consistent with SarA functioning as a DNA- and RNA-binding

architectural protein rather than a prototypical transcription fac-
tor (62, 71). This proposed role for SarA is based on the observa-
tions that SarA has an unusually high copy number (50,000), a
large number of predicted binding sites in the chromosome
(
1,000), the ability to bind mRNA and influence turnover, and
the ability to bend DNA to affect topology and promoter accessi-
bility (62, 72–77). It has been suggested that the extensive DNA
binding of SarA may play a role in protecting DNA from oxidative
damage (76). However, we did not observe increased susceptibil-
ity of the �sarA mutant to peroxide, which is substantially more
damaging to DNA than NO˙ alone (Fig. 2B).

Many of the genes differentially expressed in the �sarA mutant
following NO˙ exposure include mRNAs previously shown to
have differential stability in a �sarA mutant during various
growth phases (e.g., those stabilized in a sarA-dependent man-
ner, argGH, guaB, purDFHLM, and hemD; and those destabi-
lized in a sarA-dependent manner: ureABCDEFG, cap5MOP,
nuc, and sspBC) (61, 62). Interestingly, the NO˙-exposed sarA
mutant had moderately lower transcript levels of at least three
genes required for full NO˙ resistance (hmp, qoxABCD, and ldh1)
(see Data set S3 in the supplemental material). Previous mRNA
stability studies showed these transcripts to be among those stabi-
lized in a sarA-dependent manner (61, 62), which might explain
why we did not observe reduced gfp transcription from the hmp
and ldh1 promoters in the �sarA mutant (see Fig. S2 in the sup-
plemental material). Individual overexpression of hmp or qox-
ABCD in the �sarA mutant failed to rescue its respiratory-phase
NO˙ sensitivity, suggesting that reduced transcript abundance of
either one of these genes does not alone explain the �sarA geno-
type (data not shown). However, this does not rule out the possi-
bility that a collective destabilization of multiple transcripts re-
quired for NO˙ resistance plays a role in the NO˙ sensitivity of the
�sarA mutant.

Alternatively, given the central role of SarA in modulating both
DNA topology and RNA stability, the requirement for SarA dur-
ing NO˙ stress may be for global transcriptional homeostasis
rather than specific regulation of a subset of genes during NO˙
stress. Interestingly, modulation of RNA stability is an important
component of the bacterial stress response in many species; it
provides a posttranscriptional mechanism for influencing protein
production and, potentially, for removal of damaged RNAs (78–
81). Given that S. aureus modulates mRNA stability in response to
stressful conditions, including temperature and pH shock, it is
possible that the modulation of mRNA turnover is a key response
to NO˙ stress (82, 83). Regardless, due to the potentially global
function of SarA in S. aureus, we expect that further high-through-
put methods, such as genetic interaction mapping (e.g., perform-
ing transposon sequencing [Tn-Seq] in a sarA mutant back-
ground), may be necessary to more specifically define the
requirement for SarA during NO˙ stress.

Notably, both our RNA-Seq data and previously published mi-
croarray data indicate that genes belonging to the CodY regulon
are further repressed during NO˙ stress (ilvABCDE and dapABD),
reinforcing the importance of CodY when NO˙ is present (6). The
reasons for the importance of CodY and Rot during NO˙ stress
remain a subject of ongoing investigation in our lab. While elim-
inating protease production did not rescue the NO˙ sensitivity of
the �codY, �rot, or �sarA mutant, the observation that the dele-
tion of proteases generally improved the NO˙ resistance of all
strains, including the WT, is intriguing. Interestingly, protease
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deletion did not affect the sensitivity of cells exposed to NO˙ dur-
ing early exponential phase, indicating that the negative effect of
proteases on NO˙ susceptibility is specific to late-stationary-/lag-
phase cells (data not shown). The deletion of proteases may in-
crease the capacity of stationary-phase S. aureus cells to aggregate
via cell-surface proteins and thus might provide enhanced physi-
cal protection when these aggregated cells are used to inoculate
cultures in the presence of NO˙ (84, 85).

Collectively, the results of our study provide a broad charac-
terization of the regulatory requirements for NO˙ resistance in S.
aureus. The five regulators identified as essential for NO˙ resis-
tance, Fur, SrrAB, SarA, CodY, and Rot, are all pleiotropic tran-
scription factors that modulate virulence and appropriate adapta-
tion to the extremely diverse ambient conditions inside a host, of
which NO˙ is a major component. These regulators do not exist
solely or even primarily to respond to NO˙, however, suggesting
that NO˙ resistance is extremely multifaceted and deeply inte-
grated into complex networks of virulence and metabolism regu-
lation in S. aureus. These findings advance our understanding of a
highly unique adaptation that contributes to S. aureus pathogen-
esis, and they suggest that NO˙ resistance likely evolved alongside
and as a component of S. aureus pathogenicity rather than as a
separate independent trait.
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