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ABSTRACT SigS is the sole extracytoplasmic function sigma factor in Staphylococcus
aureus and is necessary for virulence, immune evasion, and adaptation to toxic chemicals
and environmental stressors. Despite the contribution of SigS to a myriad of critical phe-
notypes, the downstream effectors of SigS-dependent pathogenesis, immune evasion,
and stress adaptation remain elusive. To address this knowledge gap, we analyzed the S.
aureus transcriptome following transient overexpression of SigS. We identified a bicis-
tronic transcript, upregulated 1,000-fold, containing two midsized genes, each containing
single domains of unknown function (DUFs). We renamed these genes SigS-regulated
orfA (sroA) and SigS-regulated orfB (sroB). We demonstrated that SigS regulation of the
sroAB operon is direct by using in vitro transcription analysis. Using Northern blot analy-
sis, we also demonstrated that SroA and SroB have opposing autoregulatory functions
on the transcriptional architecture of the sigS locus, with SroA stimulating SigS mRNA
levels and SroB stimulating s750 (SigS antisense) levels. We hypothesized that these
opposing regulatory effects were due to a direct interaction. We subsequently demon-
strated a direct interaction between SroA and SroB using an in vivo surrogate genetics
approach via bacterial adenylate cyclase-based two-hybrid (BACTH) analysis. We demon-
strated that the SroA effect on SigS is at the posttranscriptional level of mRNA stability,
highlighting a mechanism likely used by S. aureus to tightly control SigS levels. Finally,
we demonstrate that the sroAB locus promotes virulence in a murine pneumonia model
of infection.

IMPORTANCE SigS is necessary for S. aureus virulence, immune evasion, and adaptation
to chemical and environmental stressors. These processes are critically important for the
ability of S. aureus to cause disease. However, the SigS-dependent transcriptome has not
been identified, hindering our ability to identify downstream effectors of SigS that con-
tribute to these pathogenic and adaptive phenotypes. Here, we identify a regulatory
protein pair that is a major direct target of SigS, known as SroA and SroB. SroA also acts
to stimulate SigS expression at the posttranscriptional level of RNA turnover, providing
insight into intrinsically low levels of SigS. The discovery of SroA and SroB increases our
understanding of SigS and the S. aureus pathogenesis process.

KEYWORDS Staphylococcus aureus, sigma factors, extracytoplasmic function sigma
factor, ECF, domain of unknown function, mRNA, SigS, mRNA stability

S taphylococcus aureus has a large repertoire of virulence factors that facilitate the
pathogenic process (1). Regulating the expression of virulence genes is critical for

S. aureus stress adaptation and evasion of the host response, both of which are neces-
sary for the ability of S. aureus to establish a productive infection (1). S. aureus virulence
gene regulators include staphylococcal accessory regulator (Sar) proteins, RNAIII, and a
host of two-component signal transduction systems (1). In addition, the activity of
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alternative sigma factors in S. aureus contributes significantly to virulence gene regula-
tion by rapidly rewiring transcription in response to stressors or environmental signals.

S. aureus has three alternative sigma factors, SigB, SigH, and SigS (2–4). SigB is the
general stress/stationary-phase sigma factor (5–7) that is tightly regulated through an
interaction with its anti-sigma factor, RsbU (3, 8). The SigB regulon is relatively large
and includes a host of critical virulence factor proteins and small RNAs (sRNAs) (SbrA,
SbrB, SbrC, and Teg49) (9–15). SigH is the homologue for the competence-mediating
sigma factor in Bacillus subtilis (16). The SigH regulon includes structural proteins nec-
essary for DNA binding and uptake (2) and has been reported to induce a transient
competence state and prophage excision (17–19). In this work, we focused on further
defining the role of SigS.

SigS is the sole S. aureus extracytoplasmic function (ECF) sigma factor and is necessary
for stress adaptation and immune evasion (4, 20). In the absence of sigS, S. aureus is attenu-
ated for virulence and defective in producing joint inflammation in a mouse model of sep-
tic arthritis (4). S. aureus long-term viability in vitro and survival during extreme heat shock
(.55°C) both require SigS (4). Finally, S. aureus sigS mutants have increased sensitivity to
cell wall-targeting antibiotics, detergents, DNA-damaging agents, and innate immune sys-
tem components (4, 21). Yet the mechanism whereby SigS senses these stressors and pro-
motes adaptive phenotypes is not clear. There appears to be some continuity between
these adaptive phenotypes and the induction of sigS expression, as exposure to the DNA-
damaging agent methyl methanesulfonate (MMS), hydrogen peroxide (H2O2), sodium hy-
droxide (NaOH), immune cell components, and macrophage phagocytosis all stimulate
expression of SigS (21). However, the regulation of SigS is complex, as basal expression is
low in the absence of inducing signals, and it has 4 promoters controlling its transcriptional
initiation (4, 21, 22). Genetic and biochemical screens identified CymR and KdpE as direct
regulators, and ArlR and LacR as indirect regulators, of sigS transcription (23). Prior to this
work, little was known about the posttranscriptional regulation of sigS expression or the
direct targets of SigS that could promote virulence and stress adaptation.

ECF sigma factors rapidly rewire the bacterial transcriptome in response to extracyto-
plasmic stress (24–28). In Escherichia coli and other enteric bacteria, the ECF sigma factor,
s E, has a relatively large regulon composed of periplasmic proteases and small RNAs that
restore envelope homeostasis through fine-tuning of outer membrane protein levels (24–
28). In B. subtilis, Clostridioides difficile, and other Firmicutes, ECF sigma factors also have rel-
atively large regulons that ensure envelope homeostasis in the presence of cell wall stres-
sors (29–32). Based on the function of ECF sigma factors in phylogenetically distant and
related bacterial species, we hypothesized that the SigS would mediate stress adaptation,
virulence, and immune evasion through the action of downstream effector proteins or
sRNAs that comprise its yet-undefined direct regulon.

In this work, we analyzed the S. aureus transcriptome following transient sigS over-
expression. Consequently, we identified a major SigS effector locus with a previously
uncharacterized regulatory protein pair tandemly encoded on a bicistronic transcript
(encoding SACOL0677 and SACOL0676). Each of these open reading frames (ORFs) is
comprised of a single domain of unknown function (DUF), DUF1659 and DUF2922. We
renamed these genes (SigS-regulated orfA) and orfB (sroAB), respectively. Further, we
show that SroA and SroB have opposing regulatory effects on the sigS locus. We also
uncovered positive feedback regulation, as SroA acts to stabilize the sigS transcript,
thereby promoting SigS accumulation in the absence of SroB. Finally, we demonstrate
that the sroAB locus is necessary for full virulence in a murine model of pneumonia.
This work provides insight into a network that tightly controls levels of the cryptic SigS
sigma factor in S. aureus.

RESULTS
S. aureus transcriptome architecture following SigS overexpression. To identify

downstream effectors of SigS that may promote virulence, immune evasion, or antibiotic re-
sistance, we analyzed the S. aureus transcriptome following SigS overexpression (Fig. 1A).
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Briefly, exponentially growing S. aureus cultures were induced for 30 min before RNA
isolation and RNA sequencing (Fig. 1A). Approximately 50 genes were upregulated
and 75 genes were downregulated in S. aureus SH1000 at least 2-fold following tran-
sient overexpression of SigS (Fig. 1B and C and see Table S2 in the supplemental ma-
terial). Interestingly, seven of the SigS upregulated transcripts are involved in
immune evasion and coregulated by SaeR or RNAIII, including staphylococcal protein
A (spa), leukocidin S subunit (hlgC), leukocidin F subunit (hlgB), IgG binding protein
(sbi), gamma-hemolysin subunit (lukA), gamma-hemolysin subunit B (lukB), and nitric
oxide dioxygenase (hmp) (Fig. 1D and Table S3). Seven of the SigS stimulatory targets
play a role in amino acid transport or metabolism, including alanine dehydrogenase
(ald1), threonine dehydratase (ilvA1), argininosuccinate lyase (argH), argininosucci-
nate synthase (argG), glutamate permease (glnP), glutamate ABC transporter ATP
binding protein (glnQ), and a hypothetical protein, SAOUHSC_1450 (Fig. 1E and Table
S4). These seven stimulatory targets of SigS are also coregulated by either GTP/
branched-chained amino acid sensing global regulator (CodY), arginine repressor
(ArgR), or redox-sensing transcriptional repressor (Rex). However, neither CodY, ArgR,
nor Rex levels were changed following overexpression of SigS. As a result, any indi-
rect SigS regulatory effects on these amino acid transport/metabolism genes are
likely occurring through different transcription factors. Four small RNAs were also

FIG 1 The S. aureus SH1000 transcriptome following SigS overexpression. (A) Genetic constructs and experimental design for the SigS transcriptome
experiment. Total RNA was isolated from S. aureus strains carrying either a plasmid-based xylose-inducible sigS construct or empty vector (EV) control
grown in the presence of xylose to induce overexpression of SigS. (B) CIRCOS file demonstrating the S. aureus SH1000 transcriptome following
overexpression of SigS. The genomic map depicts SH1000 EV (inner circle, black) and SH1000 pEPSA5-sigS (outer circle, red) transcriptomes, reported as
transcripts per million (TPM) expression values. The outermost circle is a heatmap demonstrating fold change in expression, where red or blue indicates
higher expression in the wild-type or sigS-overexpressing strain, respectively. (C) Heatmap of RNA sequencing data depicting S. aureus SH1000 transcripts
whose expression was modulated at least 2-fold throughout the transcriptome following SigS induction. (D) Heatmap of SigS-modulated transcripts
involved in immune evasion that were increased by at least 2-fold in reference to SigS and SroAB transcript levels. (E to G) As in panel D, but for small
RNAs (E), the capsule biosynthesis operon (F), and SigB regulon members (G).

SigS Regulation of Novel ORFs in S. aureus Journal of Bacteriology

June 2023 Volume 205 Issue 6 10.1128/jb.00392-22 3

https://journals.asm.org/journal/jb
https://doi.org/10.1128/jb.00392-22


moderately increased (2- to 5-fold) following SigS induction, including SAOUHSCs125
(Ssr54), SAOUHSCs203, SAOUHSCs253, and SAOUHSCs215 (Fig. 1F and Table S5) (33, 34).

Seventy-five genes were downregulated in response to transient overexpression of SigS
(Fig. 1B and C and Table S2). Many of the SigS-downregulated genes have no functional anno-
tation (Fig. 1C and Table S2). Interestingly, five tRNA genes were repressed, including tRNA-
Leu (trnaL), tRNA-Arg (trnaR), tRNA-Gly (trnaG), tRNA-Tyr (trnaY), and tRNA-Leu (trnaL) (Table
S4). Thirteen of the SigS-repressed genes are part of the capsule biosynthesis operon
(capABCDEFGHJKLMN [cap] operon) and are regulated by both SigB and CodY (Fig. 1E and
Table S4). Fifty-three of the 75 SigS-downregulated genes are part of the SigB regulon
(Fig. 1G; Tables S4 and S6). Finally, the expression of 10 previously discovered small RNAs
was also decreased by at least 2-fold following SigS overexpression, SAOUHSCs47 (rsaI/rsaOG),
SAOUHSCs042 (rsaOB), SAOUHSCs181 (Sau-6372), SAOUHSs221 (JKD6008sRNA178),
SAOUHSs246 (JKD6008sRNA361), SAOUHSs274 (tsr24), SAOUHSCs065 (Sau-50),
SAOUHSCs114 (ssr7), SAOUHSCs030 (sprB), and SAOUHSCs162 (teg40as) (Fig. 1F and
Table S5). The transcription of SprB and SAOUHSCs162 (Teg40as) requires SigB (33,
35–40). To validate transcriptome sequencing (RNA-seq) findings, a selection of
genes was assayed by real-time quantitative reverse transcription-PCR (RT-qPCR),
with fold change in expression proving comparable to RNA-seq findings (Fig. S1).

The expression of a novel protein pair of unknown function is strongly acti-
vated by SigS. Beyond the changes noted above, the most highly upregulated genes
that emerged from our SigS transcriptome experiment were two relatively short uncharac-
terized proteins, SACOL0676 (SAOUHSC_00622) and SACOL0677 (not annotated in the
8325 genome). These genes are encoded in tandem on a single polycistronic transcript
and are increased 1,000-fold upon transient overexpression of SigS (Fig. 1C). Here, we
rename them SigS-regulated OrfA (SroA) and SigS-regulated OrfB (SroB) (Fig. 2A and Fig.
S2). The sroA gene encodes a 67-amino-acid protein with a DUF1659 domain (Fig. 2A and
Fig. S2). The sroB gene encodes a 74-amino-acid protein with a DUF2922 domain (Fig. 2A
and Fig. S2). There is a 16-bp region in between the stop codon of sroA and the start codon
of sroB that contains a canonical Shine-Dalgarno sequence (AGGAGG) that is presumably
the ribosome binding site for SroB translation (Fig. S2). There is also a canonical Shine-
Dalgarno sequence (AGGAGG) starting 16 bp upstream of the predicted sroA start codon
that is presumably the ribosome binding site for SroA translation. While the DUF1659 and

FIG 2 The sroAB genetic locus and co-occurrence within the Staphylococcaceae. (A) The sroAB genetic locus in S. aureus SH1000. Note that sroA is not
annotated in the genome of this or other NCTC 8325 strains. (B) The amino acid sequence of SroA was translated from the S. aureus NCTC 8325 genome
and entered into the String database (https://string-db.org/) to analyze for co-occurrence. (C) FLAG-tagged Western blotting of wild-type SroA or an allele
with the start codon replaced with a stop codon (STOP). SroA was overexpressed in the log phase, growing S. aureus SH1000 from a plasmid-based xylose-
inducible promoter.
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DUF2922 domains are widely present in many bacterial species, there is little to no informa-
tion about their function. Importantly, the amino acid sequences of the S. aureus SroA and
SroB protein sequences are conserved only within the staphylococcal family. Computational
analysis of SroA and SroB amino acid sequences using the web-based String database
(https://string-db.org/) demonstrates strict co-occurrence within the staphylococcal family
(Fig. 2B). The sroB gene, AureoWiki pan ID SAUPAN002490000, is annotated in 100% of the S.
aureus strains in the AureoWiki metagenomic database. However, the sroA gene, AureoWiki
pan ID SAUPAN002491000, is annotated in 88% of 33 strains within the AureoWiki metage-
nomic database (https://aureowiki.med.uni-greifswald.de/SAUPAN002491000). The sroA gene
annotation is absent in the genome sequence maps of strains NCTC 8325, Newman, RF122,
and TCH60. We therefore decided to confirm that the sroA gene encoded a protein in S. aur-
eus SH1000. We constructed a xylose-inducible FLAG-tagged allele of sroA (sroA-FLAG). We
also constructed a xylose-inducible FLAG-tagged allele of sroA with a STOP codon substitu-
tion mutation for the start codon (sroA-FLAGSTOP). We then performed Western blot analysis
using an antibody to the FLAG tag on total protein isolated from xylose-induced exponen-
tially growing cultures of SH1000 containing either (i) empty vector control, (ii) wild-type
(WT) sroA-FLAG, or (iii) sroA-FLAGSTOP (Fig. 2C). We were able to detect SroA-FLAG protein lev-
els from the wild-type sroA-FLAG allele. However, expression from the sroA-FLAGSTOP allele
was undetectable, suggesting that the sroA gene does produce a protein (Fig. 2C).

SigS directly regulates the transcription of sroAB in response to DNA damage.
To confirm that SigS overexpression resulted in the upregulation of sroAB, we conducted
sroAB Northern blot analysis on total RNA samples isolated from S. aureus following SigS
overexpression (Fig. 3A). In the strain containing the vector control, both SigS and SroAB
expression were completely undetectable (Fig. 3A). Conversely, in the strain containing the
episomal xylose-inducible allele of SigS, SroA was activated along with SigS. We previously
reported that SigS activity is stimulated following exposure to the DNA-damaging agent
MMS (4, 21). We therefore reasoned that sroAB expression should also be stimulated in
response to MMS treatment in a SigS-dependent manner if it is a regulatory target of SigS.
To test this hypothesis, we grew wild-type and DsigS strains of S. aureus HOU (MRSA) in
tryptic soy broth (TSB) supplemented with MMS and analyzed total RNA by Northern blot-
ting analysis. Consistent with our previous results, the sigS transcript was increased in cul-
tures treated with MMS (Fig. 3A). The sroA mRNA was also detected in cultures treated
with MMS; however, in the absence of sigS, the sroA transcript was undetectable (Fig. 3B).
This result further supports the idea that SroA is a regulatory target of SigS. To determine if
SigS directly binds to the sroAB promoter, we performed in vitro transcription using RNA
polymerase (RNAP) core enzyme complexed with purified recombinant SigS protein and
analyzed transcriptional yields using endpoint RT-PCR (Fig. 3C). RNAP core reconstituted

FIG 3 Northern blotting and in vitro transcription of sroAB in response to SigS activity. (A) Overnight
cultures of wild-type SH1000 carrying pEPSA5 or pEPSA5-sigS were subcultured (1:200) in 30 mL of
TSB-Cm and grown to an OD600 of 0.3. Cultures were induced with xylose to a final concentration of
2% for 30 min, and total RNA was isolated. Total RNA (3 mg) was analyzed by Northern blotting using
biotin-labeled probes for 16S rRNA, SigS mRNA, and SroA mRNA. (B) As in panel A, but using S.
aureus HOU wild type and DsigS. Overnight cultures were subcultured (1:200) in 30 mL of TSB
supplemented with MMS to a final concentration of 30 mM and grown to an OD600 of 0.3. (C) In vitro
transcription of the sroAB promoter region using RNA polymerase core enzyme reconstituted with
purified recombinant S. aureus SigS.
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with purified recombinant SigS did indeed result in a transcription product, suggesting
that the sroAB promoter region is recognized by the RNAP-s S complex and that sroAB is a
direct target of SigS (Fig. 3C).

SroA and SroB have divergent effects on sigSmRNA and its antisense RNA tran-
script. Due to the intense induction of the sroAB transcript in response to SigS overexpres-
sion, we hypothesized that SroAB may exhibit feedback regulation on sigS expression, as
seen in other bacteria, as it pertains to regulatory circuits involving alternative sigma fac-
tors (25). Consequently, we overexpressed sroA, sroB, and sroAB and measured both the
sigS mRNA and the previously described sigS cis-antisense RNA hypothesized to posttran-
scriptionally repress SigS production (22). This cis-antisense RNA is the 39 untranslated
region (UTR) of SAOUHSC_01899 (SACOL1829) and is annotated as s750 in the NCTC 8325
database. Remarkably, overexpression of SroA promotes sigS mRNA accumulation, while
SroB overexpression promotes accumulation of s750 (sigS cis-antisense RNA) (Fig. 4A).
Interestingly, overexpression of the complete sroAB transcript did not promote accumula-
tion of either the sigSmRNA or its antisense transcripts (Fig. 4A).

We hypothesized that SroA and SroB may regulate each other through direct protein-
protein interaction, effectively canceling out the activity of each other when they are both
expressed. We decided to test this hypothesis by executing a bacterial two-hybrid assay
(41). We spotted colonies cotransformed with plasmids encoding pEB355-sroA (T18-sroA)
and pEB354-sroB (T25-sroA) or pEB355-sroB (T18-sroB) and pEB354-sroA (T25-sroA) in a 2 by
2 array, allowing us to test for potential SroA-SroB, SroA-SroA, and SroB-SroB interactions
(Fig. 4B). Our positive and negative controls exhibited the expected Lac-positive (Lac1) and
Lac-negative (Lac2) phenotypes, respectively (Fig. 4B). The SroA-SroA and SroB-SroB
groups were both Lac2 (Fig. 4B); however, the SroA-SroB spots both exhibited a Lac1 phe-
notype (Fig. 4B). Taken together, this suggests that SroA and SroB interact with each other
while not interacting with themselves.

SroA inhibits SigS mRNA decay. While our data suggested that SroA promotes
accumulation of sigS mRNA levels in the absence of an interaction with SroB, it was not
clear how SroA promotes SigS accumulation. Since SroA lacks a predicted DNA binding
domain, we hypothesized that the SroA stimulatory effect on SigS was either through
an indirect stimulatory effect on sigS transcription or a direct effect on sigS mRNA turn-
over. We thus decided to measure sigS mRNA decay following MMS induction using a
rifampin chase assay (Fig. 5). The half-life (t1/2) of sigSmRNA from S. aureus SH1000 con-
taining the vector control was less than 5 min, while the t1/2 of sigS mRNA isolated
from S. aureus SH1000 overexpressing SroA was approximately 15 min. This suggests
that SroA acts to inhibit sigSmRNA decay (Fig. 5).

FIG 4 SigS and SigS antisense Northern blot analysis in the context of SroAB activity. (A) Overnight cultures of SH1000 carrying
pEPSA5, pEP-sigS, pEP-sroAB, pEP-sroA, or pEP-sroB were subcultured in 30 mL of TSB-Cm and grown to an OD600 of 0.3. Cultures
were induced with xylose to a final concentration of 2% for 30 min, and total RNA was isolated. Total RNA (3 mg) was analyzed
by Northern blotting using biotin-labeled probes for 16S rRNA, SigS mRNA, SigSa (sigS antisense RNA resulting from the 39 UTR of
SAOUHSC_01899), SroA mRNA, and SroB mRNA. (B) Bacterial two-hybrid (BACTH) analysis of SroA and SroB. The sroA and sroB
genes were cloned into BACTH plasmids pEB355 (T18) and pEB354 (T25) and analyzed on MacConkey-maltose agar plates at 30°C
along with empty vector controls and positive controls pEB355-zip (T18-zip) and pEB354-zip (T25-zip).
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The sroAB operon is required for full virulence in female mice.While SroA clearly
acts to regulate SigS abundance at the posttranscriptional level, the role of the sroAB
locus in virulence is undefined. We hypothesized that the sroAB locus is necessary for
S. aureus virulence since SigS promotes virulence and SroA stimulates sigS expression. To
test this hypothesis, we measured the virulence of a sroAB double mutant in a murine
model of pneumonia. C57BL/6J mice were each infected intranasally with the wild type
or DsroAB strains of S. aureus USA300 (Fig. 6). After 24 h, mice were sacrificed, lungs har-
vested, and bacterial burden determined as CFU per milliliter (Fig. 6). Upon analysis, we
noted a statistically significant 3-fold decrease in the number of DsroAB mutants recov-
ered from female mice compared to wild type (Fig. 6). Interestingly, there was no differ-
ence in the amount of wild-type or mutant cells recovered from male mice, for reasons
that are not clear (Fig. 6).

DISCUSSION

Through our transcriptome studies, we identified a previously uncharacterized locus
encoding a bicistronic transcript that we named sroAB, which was increased 1,000-fold
following SigS overexpression. The sroAB transcript was preeminent among the SigS-
activated transcripts in our study. This suggests that SroA and SroB are major down-
stream effectors of the SigS stress response. SroA and SroB each encode midsized bac-
terial proteins with 68 and 72 amino acid residues, respectively. While these proteins
are just above the upper limit of 50 amino acids for the definition of short ORFs in bac-
teria, their relatively small size is interesting to note, as investigations into the dark pro-
teome and dark genome are increasing (42–45).

FIG 5 SigS mRNA turnover following overexpression of SroA. (A) Northern blot analysis of wild-type SH1000
carrying either pEPSA5 or pEP-sroA grown in 30 mL of TSB-Cm supplemented with MMS to a final concentration of
25 mM and an OD600 of 0.3. Cultures were then induced with xylose to a final concentration of 2% and incubated
for an additional 30 min. Cells were harvested and resuspended in fresh TSB-Cm supplemented with rifampin to a
final concentration of 500 mg/mL, and total RNA was isolated at 5- to 15-minute intervals. Total RNA (3 mg) was
analyzed by Northern blotting using biotin-labeled probes for 16S rRNA and SigS mRNA. (B) Densitometry analysis
of Northern blotting. (C) Calculation of the half-life (t1/2) of SigS mRNA based on densitometry analysis in panel B.
Quantitative Northern blotting data from panel B were subjected to linear regression analysis using GraphPad Prism
9. Experiments were repeated at least three times, and data are presented as the mean plus or minus the standard
error of the mean.

SigS Regulation of Novel ORFs in S. aureus Journal of Bacteriology

June 2023 Volume 205 Issue 6 10.1128/jb.00392-22 7

https://journals.asm.org/journal/jb
https://doi.org/10.1128/jb.00392-22


We also identified several immune evasion genes that were upregulated in response to
SigS overexpression (Fig. 1C). Both Spa and Sbi are immunoglobulin binding proteins that
would ultimately inhibit antibody opsonization to, phagocytosis of, and clearing of S. aur-
eus infection. The other SigS-upregulated immune evasion genes, hlgBC and lukAB, encode
leukotoxins that are effective in the targeting of various leukocytes. Both operons are also
stimulated by the SaeRS two-component signal transduction system that senses human
neutrophil peptides (46). SigS-dependent upregulation of sbi, spa, and hlgBC may provide
a mechanism to explain the increased sensitivity of DsigS mutants to whole human blood
and macrophages (21).

Our observation of SigS-dependent upregulation of amino acid transport/metabolism
genes is congruent with prior analysis of SigS regulation (23). Burda et al. isolated several
transposon mutants that resulted in either activation or repression of sigS expression,
some of which were localized to genes involved in amino acid transport or metabolism
(23). These include mutants in two apparently cistronic genes that are both strongly up-
regulated in response to SigS overexpression in our study, ald1 (SAOUHSC_01452/
SACOL1478) and SAOUHSC01450 (SACOL1476) (see Tables S2 and S7 in the supplemen-
tal material). The remaining gene in that operon, ilvA1, is also upregulated in response to
SigS overexpression (Tables S2 and S7). Interestingly, based on the results of the transpo-
son mutant screen, ald1 and SAOUHSC01450 (SACOL1476) have opposing regulatory
effects on sigS expression for reasons that are not clear (Table S7). We also identified four
SigS-stimulated targets involved in arginine or glutamine metabolism. Taken together,
our transcriptome results support the model, previously established by Burda et al. (23),
that SigS is involved in the sensing and regulation of amino acid transport and metabo-
lism (Table S7). Additionally, many of the SigS-repressed genes are a part of the CodY
regulon involved in BCAA/GTP sensing, mainly the capsule biosynthesis genes (Fig. 1E
and Table S4). The capsule biosynthesis and many of the other SigS-repressed genes are
a part of the SigB regulon. Repression of SigB-activated genes upon overexpression of
SigS could be due to sigma factor competition (SigS versus SigB) for core RNA polymer-
ase (47, 48). Yet the influence of sigma factor competition in Firmicutes is not clear.

A major function that we uncovered was the ability of SroA to promote positive feed-
back regulation of SigS. Previous studies have demonstrated that in vitro expression of sigS
is very low. Several chemicals stimulate transcription of sigS, most notably the chemical
mutagen MMS (4, 21). Following MMS treatment, sigS transcription is strongly increased.
However, the mechanisms used to tightly control sigS expression and transduce chemical
stressors to stimulate gene expression are still unclear. Biochemical and genetic screens for
sigS transcriptional regulators yielded several candidates, some of which bind to the sigS
promoters, including KdpE and CymR (4, 21, 22), while ArlR and LacR are indirect regulators
of sigS transcription (4, 21, 22). Tight regulation of sigS transcription is likely to be part of a

FIG 6 S. aureus virulence in a murine model of pneumonia in the absence of sroAB. C57BL/6J mice (7
male, 11 female) were each infected intranasally with 5 � 107 CFU of either USA300 (WT) or DsroAB.
After 24 h, mice were sacrificed, lungs harvested, and bacterial burden determined. Shown are
maximum and minimum values (whiskers) and 25th to 75th percentiles (boxes). Horizontal lines,
means; 1, medians. Statistical significance was determined using a Mann-Whitney test.
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mechanism used by S. aureus to repress SigS levels and conserve cellular resources until
SigS is needed for restoration of homeostasis after exposure to various stressors. However,
transcriptional control is only likely to be part of a collection of regulatory switches needed
to tightly control SigS levels.

Posttranscriptional control of gene expression usually includes small RNA regulation
of translation or mRNA turnover. Prior to this work, little was known about the post-
transcriptional regulatory control of SigS. Interestingly, we demonstrate a role for the
sroAB locus in posttranscriptional regulatory control of SigS. We identified a role for
SroA in the stabilization of the SigS mRNA transcript. SroA stabilization of the SigS
mRNA is particularly interesting given the intrinsically low levels of SigS and incom-
plete picture of SigS regulatory control. In addition to tight transcriptional control, low
levels of endogenous SigS expression could be due to SigS mRNA instability, and SroA
activity could mitigate this instability to transiently increase SigS levels. Interestingly,
overexpression of SroB, but not SroAB together, did not increase SigS levels. A positive
bacterial two-hybrid interaction between SroA and SroB suggests that an SroA-SroB
interaction inhibits the ability of SroA to stabilize SigS mRNA.

Based on the data articulated above, we have created a model for a SigS-SroAB reg-
ulatory circuit in S. aureus (Fig. 7). In the presence of DNA damage, sigS transcription is
increased. However, the level of SigS protein that is synthesized is relatively low due to
high mRNA turnover. The SigS protein that is synthesized directly stimulates transcrip-
tion of the sroAB locus, leading to the expression of SroA and SroB. While SroA can
stimulate SigS accumulation at the level of mRNA stability, a direct interaction of SroA
and SroB inhibits this. Under a condition that has yet to be identified, the SroA-SroB
interaction is inhibited. This inhibition could occur through posttranslational modifica-
tion of SroA or SroB. Alternatively, SroB may be degraded by an intracellular protease.

FIG 7 Model for the SigS-SroAB regulatory circuit. In response to the DNA-damaging agent MMS, SigS is activated (through an unknown
mechanism). SigS acts to stimulate sroAB expression. SroA and SroB interact with each other under normal circumstances. In response to an
unidentified internal or external signal, SroA-SroB association is inhibited through a mechanism that is unclear. Then, free SroA promotes
SigS accumulation through inhibition of RNases that promote SigS transcript degradation.
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In either case, the resulting free SroA inhibits ribonucleolytic activity targeting SigS.
However, the precise role of RNases in SigS mRNA turnover and the molecular mecha-
nisms that control the SroA-SroB interaction are not yet clear. These phenomena are
the subject of ongoing investigations in our laboratory.

Prior to this work, it was well established that SigS was necessary for S. aureus sur-
vival in the presence of chemical stressors, environmental stressors, and exposure to
immune cells, including ethanol, H2O2, cell wall-targeting antibiotics, chemical muta-
gens (MMS), elevated temperature, and intracellular macrophage survival. We aimed to
identify downstream effectors of the SigS stress response to further understand its
function in S. aureus infection. Our work supports a role for the sroAB locus in S. aureus
virulence and the need for further studies of SroAB function, which will increase our
understanding of S. aureus virulence and SigS-mediated pathogenesis, immune eva-
sion, and stress response.

MATERIALS ANDMETHODS
Media and growth conditions. All S. aureus strains were grown in tryptic soy broth (TSB). Overnight

cultures of S. aureus were grown in 5 mL of TSB within a roller drum placed inside a microbiological incu-
bator at 28°C or 37°C. S. aureus strains containing plasmids were grown in TSB supplemented with chlor-
amphenicol or erythromycin to a final concentration of 10 mg/mL (TSB-Cm or TSB-Erm). S. aureus
RN4220 plasmid transformants were selected on TSB-Cm agar or TSB-Erm agar plates (TSA-Cm or TSA-
Erm). Phage 80a-mediated plasmid or mutant transductants were selected on TSA-Cm or TSA-Erm plates
supplemented with sodium citrate (NaCi) to a final concentration of 5 mM (TSA-Cm-NaCi or TSA-Erm-
NaCi). E. coli strains used for propagation of recombinant DNA were grown in Luria-Bertani-Lennox broth
(LB), or LB agar plates, supplemented with ampicillin to a final concentration of 100 mg/mL (LB-Amp),
kanamycin to a final concentration of 25 mg/mL (LB-Kan), or chloramphenicol to a final concentration of
10 mg/mL or 25 mg/mL (LB-Cm). E. coli cotransformants for BACTH analysis were selected on LB agar
plates supplemented with ampicillin to a final concentration of 100mg/mL and kanamycin to a final con-
centration of 25 mg/mL (LB-Amp-Kan). Overnight cultures of E. coli were grown in 5 mL of LB within a
roller drum placed inside a microbiological incubator at 30°C or 37°C.

Strains, plasmids, and oligonucleotides. All bacterial strains used in this study are listed in Table 1.
All plasmids used in this study are listed in Table 2. Oligonucleotides used for PCR amplification, one-
step reverse transcriptase PCR (RT-PCR), real-time quantitative reverse transcription-PCR (RT-qPCR) analy-
sis, and as biotinylated Northern blot probes are listed in Table S1 in the supplemental material.

(i) S. aureus strain engineering. S. aureus strains used in this study were derivatives of NCTC 8325
or the USA300 pulsed-field gel electrophoresis (PFGE) type (Table 1) (49). S. aureus strains were geneti-
cally engineered using electroporation and transduction. E. coli-S. aureus plasmid shuttle vectors were
electroporated into S. aureus restriction-minus strain RN4220, as previously described (50, 51). Phage
80a lysates were then created on S. aureus RN4220 strains carrying plasmids, on TSA-Cm or TSA-Erm,
supplemented with CaCl2 to a final concentration of 5 mM (TSA-Cm-CaCl2 or TSA-Erm-CaCl2), using the
top agar method as previously described (52). Plasmid constructs then were moved from RN4220 into
SH1000 by f 80a transduction as previously described (53). The DsigS::tet mutant was also moved from
the USA300 PFGE-type strain background to the SH1000 strain background using phage 80a transduc-
tion as previously described (53). The chromosomal DsroAB::ermC mutation was constructed in strain
SH1000 using pIMAY* after cloning a DsroAB::ermC into pIMAY* as previously described (54).

(ii) E. coli strain engineering. E. coli strains used in this study were for the purposes of cloning and
bacterial adenylate cyclase two-hybrid (BACTH) analysis and are listed in Table 1. All molecular cloning
was executed in E. coli NEB5a (New England Biolabs) (Table 1). All BACTH analysis was executed in an ad-
enylate cyclase mutant (cya2) strain of E. coli BTH101 (41, 55).

(iii) Plasmid backbones used for expression, mutagenesis, and BACTH analysis. Plasmids used
in this study are listed in Table 2. Plasmid expression vectors are derivatives of pEPSA5, an E. coli-S. aur-
eus shuttle vector containing a xylose-inducible promoter and its cognate regulator, XylR (Table 2) (56).
The sroAB mutagenesis vector is a derivative of pIMAY*, a temperature-sensitive plasmid using pheS* as
a counterselectable marker. Plasmids used for BACTH analysis are derivatives of pEB355 (T18) or pEB354
(T25) (41, 55). Construction of the plasmid derivatives is described below. All plasmids containing inserts
or site-directed point mutations were identified by colony PCR, verified by PCR amplification, and con-
firmed by Sanger sequencing. All resulting recombinant DNA constructs were transformed into NEB5a
or NEB10b (New England Biolabs) using heat shock transformation, according to the manufacturer’s
instructions.

(iv) Construction of pEPSA5 derivatives. For these studies, we created several plasmid-based
xylose-inducible constructs via standard recombinant DNA technology techniques, cloning desired
genes for expression into pEPSA5. We created pEPSA5 derivatives containing sigS, sroA, sroB, sroAB, and
sroA-FLAG. Briefly, we amplified the respective genes from SH1000 genomic DNA using oligonucleotide
primers listed in Table S1. Both purified pEPSA5 and the PCR products to be inserted were digested with
EcoRI and BamHI and ligated using Instant Sticky-End ligase mastermix (New England Biolabs). To con-
struct a nonsense mutation in the sroA start codon within the pEP-sroA-FLAG construct (to create
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pEP-sroA-FLAGSTOP), we used mutagenic primers KT1604 and KT1606 and the Q5 site-directed mutagene-
sis kit (New England Biolabs) according to the manufacturer’s instructions.

(v) Construction of pIMAY*-sroAB::ermC for the sroAB mutagenesis plasmid. We constructed
recombinant plasmids for the creation of erythromycin-marked deletion-insertion mutations of sroAB
(pIMAY*-DsroAB::ermC). We created pIMAY*-DsroAB::ermC using HiFi DNA assembly. First, we amplified
three different DNA sequences, (i) “DsroAB::ermC up” from S. aureus SH1000 genomic DNA, using primers
KT1757 and KT1758, (ii) “DsroAB::ermC internal” from S. aureus shuttle vector pCN51, using primers KT1659
and KT1660, and (iii) “DsroAB::ermC down” from S. aureus SH1000 genomic DNA, using primers KT1759 and
KT1760. The “DsroAB::ermC up” PCR product has approximately 30 bp of homology to the region upstream
of the multiple-cloning site (MCS) of pIMAY* on its 59 end and approximately 30 bp of homology to the 59
end of the “DsroAB::ermC internal” PCR product on its 39 end. The “DsroAB::ermC down” PCR product has
approximately 30 bp of homology to the region downstream of the MCS of pIMAY* on its 39 end and
approximately 30 bp of homology to the 39 end of the “DsroAB::ermC internal” PCR product on its 59 end.
We then digested pIMAY* with both EcoRI and XhoI. The resulting pIMAY* EcoRI/XhoI digest and the three
PCR products were joined using the NEBuilder HiFi DNA assembly mastermix (New England Biolabs).

(vi) Construction of plasmids for BACTH analysis. We created recombinant plasmids containing
adenylate cyclase cloned in-frame with sroA or sroB in BACTH vectors pEB355 (T18) and pEB354 (T25)
(41, 55). The sroA and sroB genes were amplified by PCR, using their corresponding primers listed in
Table S1, and digested with EcoRI and XhoI. We then ligated the purified sroA or sroB with purified
pEB355 (T18) or pEB354 (T25) EcoRI/XhoI digests using Instant Sticky-End ligase and transformed them
into chemically competent NEB5a cells according to the manufacturer’s instructions. Transformants
were selected on LB-Amp or LB-Kan plates.

Total RNA isolation. Total RNA was isolated using the Fast RNA Pro Blue kit (MP Biomedicals).
Briefly, S. aureus cells of interest were harvested from 5 to 50 mL of culture at the selected condition

TABLE 1 List of strains used in this study

Strain name Bacteria or genotype Source and/or comments
E. coli strains
BTH101 F2, cya-99, araD139, galE15, galK16, rpsL1 (Strr), hsdR2, mcrA1, mcrB1 Aureilia Battesti
NEB5a fhuA2 D(argF-lacZ) U169 phoA glnV44 U80D(lacZ)M15 gyrA96 recA1

relA1 endA1 thi-1 hsdR17
New England Biolabs

KMTE-167 NEB5a pEPSA5 (Ampr) NEB5a1 pEPSA5, heat shock; this work
KMTE-168 NEB5a pEP-sigS (Ampr) NEB5a1 pEP-sigS, heat shock; this work
KMTE-169 NEB5a pEP-sroAB (Ampr) NEB5a1 pEP-sroAB, heat shock; this work
KMTE-170 NEB5a pEP-sroA (Ampr) NEB5a1 pEP-sroA, heat shock; this work
KMTE-171 NEB5a pEP-sroA-FLAG (Ampr) NEB5a1 pEP-sroA-FLAG, heat shock; this work
KMTE-179 NEB5a pIMAY* (Cmr) NEB5a1 pIMAY*, heat shock; this work
KMTE-190 NEB5a pEP-sroA-FLAGSTOP (Ampr) NEB5a1 pEP-sroA-FLAGSTOP, heat shock; this work
KMTE-233 NEB5a pIMAY*-DsroAB::ermC (Cmr) NEB5a1 pIMAY*-DsroAB::ermC, heat shock; this work
KMTE-263 NEB5a pEP-sroB (Ampr) NEB5a1 pEP-sroB, heat shock; this work

S. aureus strains
RN4220 Restriction minus derivative of 8325-4 laboratory strain 8325-4 r2 m1 Lab collection
KMTS-229 RN4220 pEPSA5 (Cmr) RN42201 pEPSA5, electroporation; this work
KMTS-230 RN4220 pEP-sigS (Cmr) RN42201 pEP-sigS, electroporation; this work
KMTS-231 RN4220 pEP-sroAB (Cmr) RN42201 pEP-sroAB, electroporation; this work
KMTS-232 RN4220 pEP-sroB (Cmr) RN42201 pEP-sroB, electroporation; this work
KMTS-233 RN4220 pEP-sroA (Cmr) RN42201 pEP-sroA, electroporation; this work
KMTS-234 RN4220 pEP-sroA-FLAG (Cmr) RN42201 pEP-sroA-FLAG, electroporation; this work
KMTS-234b RN4220 pEP-sroA-FLAGSTOP (Cmr) RN42201 pEP-sroA-FLAGSTOP, electroporation; this work
KMTS-304 RN4220 pIMAY*-DsroAB::ermC (Cmr) RN42201 pIMAY*-DsroAB::ermC, electroporation; this work
8325-4 Wild-type laboratory strain: 8325-4 rsbU2 Lab collection
SH1000 Wild-type laboratory strain, 8325-4 rsbU1 Lab collection
KMTS-216 SH1000 pEPSA5 (Cmr) SH1000� U80a (KMTS-229: pEPSA5)
KMTS-217 SH1000 pEP-sigS (Cmr) SH1000� U80a (KMTS-230: pEPSA5-sigS)
KMTS-218 SH1000 pEP-sroAB (Cmr) SH1000� U80a (KMTS-231: pEPSA5-sroAB)
KMTS-219 SH1000 pEP-sroB (Cmr) SH1000� U80a (KMTS-232: pEPSA5-sroB)
KMTS-220 SH1000 pEP-sroA (Cmr) SH1000� U80a (KMTS-233: pEPSA5-sroA)
KMTS-248 SH1000 DsroAB::erm (Ermr), sroAB2 SH1000 pIMAY*-DsroAB::ermC, following mutagenesis and

plasmid excision
KMTS-250 SH1000 pEP-sroA-FLAG (Cmr) SH1000� U80a (KMTS-234: pEPSA5-sroA-FLAG)
KMTS-251 SH1000 pEP-sroA-FLAGSTOP (Cmr) SH1000� U80a (pEPSA5-sroA-FLAGSTOP)
KMTS-264 SH1000 DsigS::tet (Tetr), sigS2 SH1000� U80a (KMTS-242 - USA300 HOU DsigS::tet)
KMTS-241 USA300 HOU Lab collection, Lindsey Shaw
KMTS-242 USA300 HOU DsigS::tet (Tetr), sigS- Lab collection, Lindsey Shaw
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(optical density at 600 nm [OD600] and/or specific experimental treatment). Pellets were resuspended in
1 mL of RNAPro solution, added to silica beads, and homogenized using the Precellys 24 dual homoge-
nizer (Bertin Corporation) with the Cryolys for Precellys adaptor to ensure integrity of RNA following
heat exposure. Following lysis, RNA extraction was continued via chloroform extraction and ethanol pre-
cipitation overnight at 280°C. RNA cell pellets were resuspended in 50 to 100 mL of RNase-free H2O.
RNA concentration was measured using a NanoDrop.

RNA sequencing. RNA sequencing and data analysis were performed as described previously (57).
Briefly, the SH1000 wild type carrying either empty pEPSA5 or pEP-sigS was grown overnight as detailed
above. Next, these cultures were used to inoculate fresh TSB and allowed to grow for a further 3 h. After
this time, these cultures were used to seed fresh TSB at an OD600 of 0.05. Strains were allowed to grow
until exponential phase (OD600 = 0.3) before the addition of xylose to a final concentration of 2% to
induce expression of sigS. These cultures were grown for 30 min before samples were combined with
5 mL ice-cold phosphate-buffered saline (PBS) and subject to centrifugation. Total RNA extractions were
performed using a Qiagen RNeasy kit, and DNA was removed with the Ambion Turbo DNA-free kit. RNA
quality was determined using an Agilent 2100 Bioanalyzer with an RNA 6000 Nano kit to confirm RNA in-
tegrity (RIN). Only samples with a RIN of 9.7 or higher were used in this study. Triplicate samples for each
strain, from independently grown cultures, were then pooled at equal RNA concentrations, followed by
rRNA removal using a MicrobExpress bacterial mRNA enrichment kit. Efficiency of rRNA removal was
confirmed using an Agilent 2100 Bioanalyzer with an RNA 6000 Nano kit. These mRNA samples were
then subject to library preparation using a TruSeq stranded mRNA kit (Illumina) with the mRNA enrich-
ment steps omitted. Fragment size, quantity, and quality were assessed using an Agilent 2100
Bioanalyzer with an RNA 6000 Nano kit. Library concentrations for the pooling of barcoded samples
were assessed with a KAPA library quantification kit. Samples were run on an Illumina NextSeq with a
150-cycle NextSeq mid-output kit v2.5. Data were exported from BaseSpace (Illumina) in fastq format
and uploaded to CLC Genomics Workbench for analysis. Data were aligned to the NCTC 8325 reference
genome file, reannotated to include newly discovered small RNAs (GenBank accession no. NC_007795.1)

TABLE 2 Plasmid list

Plasmid Characteristics Source
pEPSA5 Shuttle vector p15A ori in E. coli, bla (Ampr) in E. coli, cat (Cmr) in

S. aureus
Prahathees Eswara

pEP-sigS sigS gene cloned into the EcoRI/BamHI site of pEPSA5, bla (Ampr)
in E. coli, cat (Cmr) in S. aureus

This work

pEP-sroA sroA gene cloned into the EcoRI/BamHI site of pEPSA5,
bla (Ampr) in E. coli, cat (Cmr) in S. aureus

This work

pEP-sroA-FLAG sroA-FLAG gene cloned into the EcoRI/BamHI site of pEPSA5,
bla (Ampr) in E. coli, cat (Cmr) in S. aureus

This work

pEP-sroA-FLAGSTOP TGA-ATG start codon substitution in sroA-FLAG gene cloned into
the EcoRI/PstI site of pEPSA5; bla (Ampr) in E. coli, cat (Cmr) in
S. aureus

This work

pEP-sroB sroB gene cloned into the EcoRI/BamHI site of pEPSA5, bla (Ampr)
in E. coli, cat (Cmr) in S. aureus

This work

pEP-sroAB sroAB gene cloned into the EcoRI/BamHI site of pEPSA5;
bla (Ampr) in E. coli, cat (Cmr) in S. aureus

This work

pEB354 Bacterial two-hybrid interaction expression vector, PLac, LacO site,
CAP binding site, p15A ori, Cyaa T25 domain linker (Kanr)

Aureilia Battesti

pEB354-zip zip domain gene cloned into the EcoRI/XhoI site of Cya in T25
domain linker of pEB354 (Kanr), T25-zip

Aureilia Battesti

pEB354-sroA sroA domain gene cloned into the EcoRI/XhoI site of Cya in T25
domain linker of pEB354 (Kanr), T25-sroA

This work

pEB354-sroB sroB domain gene cloned into the EcoRI/XhoI site of Cya in the
T25 domain linker of pEB354 (Kanr), T25-sroB

This work

pEB355 Bacterial two-hybrid interaction expression vector, PLac, LacO site,
CAP binding site, ColE1 ori, Cya T18 domain linker, bla (Ampr)

Aureilia Battesti

pEB355-zip zip domain gene cloned into the EcoRI/XhoI site of Cya in T18
domain linker of pEB355, bla (Ampr), T18-zip

Aureilia Battesti

pEB355-sroA sroA domain gene cloned into the EcoRI/XhoI site of Cya in T18
domain linker of pEB355, PLac, bla (Ampr), “T18-sroA”

This work

pEB355-sroB sroB domain gene cloned into the EcoRI/XhoI site of Cya in T18
domain linker of pEB355, PLac, bla (Ampr), T18-sroB

This work

pIMAY* Allelic exchange plasmid, PheS* counterselection, cat (Cmr) in
S. aureus and E. coli, temp-sensitive ori (orits) in S. aureus

pIMAY*was a gift from Angelika Grundling (Addgene
plasmid number 121441; https://www.addgene.org/
121441/; RRID Addgene_121441)

pIMAY*-DsroAB::ermC DsroAB::ermC6 1,000 bp PCR product cloned into EcoRI/XhoI
site, cat (Cmr)

This work

aCya, adenylate cylase.
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(33). Comparisons were carried out following quantile normalization via the Qiagen Bioinformatics ex-
perimental fold change feature.

RT-qPCR transcriptional analysis. To validate RNA-seq findings, a selection of genes was assayed
by RT-qPCR. Strains were grown, RNA harvested, DNA removed, and sample quality assessed as
described above. One microgram from each sample was reverse transcribed using an iScript cDNA syn-
thesis kit (Bio-Rad). RT-qPCR was then performed using gene-specific primers (Table S1) and TB green
premix Ex Taq (TaKaRa). Levels of gene expression were normalized to the 16S rRNA gene, and fold
change of expression was assessed for sigS overexpression relative to wild-type samples, using the
threshold cycle (22DDCT) method.

In vitro transcription of sroA with RNAP-rS. One unit of RNA polymerase core enzyme (New
England Biolabs) was added to 1 mg of purified recombinant s S (Biomatik) in 1 mL of 5� RNA polymer-
ase reaction buffer (New England Biolabs) and incubated at 4°C for 15 min. After incubation, 1 mg of
purified PCR product corresponding to the sroA coding region and 980 bp of upstream DNA was added
to the s S-core-RNA polymerase mixture and incubated at 37°C for 15 min. Then, ribonucleoside triphos-
phates (rNTPs) were added to initiate transcription, and the reaction mixture was incubated at 37°C for
30 min. After this time, RNA was purified twice by acid phenol-chloroform extraction followed by etha-
nol precipitation. RNA was also purified by the Turbo DNA-free kit (Thermo Scientific) following the man-
ufacturer’s protocol. A one-step RT-PCR was then executed on the purified RNA using primers KT1578/
KT1579 (creating a product corresponding to the start codon of sroA to the termination codon of sroA).
This experiment was repeated with two controls, purified s S or core-RNA polymerase. RT-PCRs were
then run on a 2% agarose gel and imaged using a FluorChem R system (Protein Simple).

BACTH analysis. We analyzed protein-protein interactions in vivo using the previously described
BACTH system (41, 55). Briefly, we coelectroporated either (i) putative interaction pairs pEB355-sroA
(T18-sroA) and pEB354-sroB (T25-sroB), (ii) putative interaction pairs pEB355-sroB (T18-sroB) and pEB354-
sroA (T25-sroA), (iii) empty vector control pairs pEB355 (T18) and pEB354 (T25), or (iv) positive-control
pairs pEB355-zip (T18-zip) and pEB354-zip (T25-zip) into E. coli BTH101. We allowed cells to recover at
30°C for several hours and plated them on LB agar plates supplemented with ampicillin and kanamycin.
Then, several cotransformants were inoculated into 5 mL of LB-amp-kan media supplemented with IPTG
(isopropyl-b-D-thiogalactopyranoside) to a final concentration of 100 mM and incubated overnight at
30°C. A 10-mL aliquot of overnight cultures was spotted onto MacConkey-Maltose plates supplemented
with IPTG to a final concentration of 100 mM and incubated at 30°C for 24 to 48 h to measure the Lac
phenotype.

SigS rifampin chase assay. SH1000 containing either pEPSA5 (empty vector control) or pEP-sroA
was grown in TSB-Cm supplemented with MMS to a final concentration of 25 mM at 37°C to an OD600 of
0.5. Cells were harvested to remove supplemental MMS and resuspended in fresh TSB-Cm supple-
mented with xylose to a final concentration of 2% before being incubated for an additional 30 min. Cells
were then harvested again by centrifugation to remove supplemental xylose and resuspended in fresh
TSB-Cm. Rifampin was added to a final concentration of 500 mM to stop intracellular transcription, and
total RNA was isolated at 2- to 5-min intervals following rifampin supplementation. We then subjected
these samples to Northern blot analysis.

Northern Blot analysis. A 1% MOPS (morpholinepropanesulfonic acid) agarose gel was used for re-
solution of total RNA. The agarose gel and buffer were created using UltraPure agarose (Invitrogen) in
1� MOPS buffer, diluted 1:10 from 10� MOPS buffer (Quality Biological, Inc.) mixed with diethyl pyrocar-
bonate (DEPC) water and 2 mL EtBr (10 mg/mL). The gel was prerun at 100 V for 40 minutes. Samples
were mixed with urea gel loading buffer (National Diagnostics), heated at 65°C for 15 minutes, and
resolved on the gel. The gel was soaked in 0.05 M NaOH solution for 20 minutes and then upside down
in 20� SSC “(1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate)” solution for 1 h. Samples were trans-
ferred to membrane using the capillary method and cross-linked with short-wave UV light to fix the
transferred RNA. The cross-linked membrane was then prehybridized with 5 mL of PerfectHyb Plus
hybridization buffer (MilliporeSigma) for 2 h. Following this, a biotinylated DNA probe corresponding to
either SigS or 16S rRNA was added to the hybridization buffer to a final concentration of 500 ng/mL and
hybridized at 42°C for 2 h. The membranes were then processed using stringency washes and developed
using a chemiluminescent nucleic acid detection module kit (Thermo Fisher Scientific) according to the
manufacturer’s recommendations. The chemiluminescent signal was detected using FluorChem R.
Northern blot densitometry signals were quantified using ImageJ and analyzed using GraphPad Prism.

Total protein isolation. To isolate total protein, S. aureus cells were harvested from 10-mL culture
aliquots. Cells were pelleted and resuspended in 1 mL of 1� PBS and processed twice in the Precellys
dual homogenizer for 40 s at a setting of 5,000 rpm before being centrifuged at 15,000 � g for 5 min at
4°C. Proteins were precipitated from the solution via treatment with trichloroacetic acid (TCA) at a final
concentration of 25% on ice followed by centrifugation at 15,000 rpm for 5 min at 4°C. The pellet was
washed using 200 mL of 100% ice-cold acetone (Thermo Scientific) before being resuspended in 50 mL
of 1� PBS. Protein concentration was determined using the detergent-compatible (DC) protein assay kit
(Bio-Rad).

SDS-PAGE and Western blot analysis. Total protein (30 mg) was mixed with 4� NuPAGE LDS sam-
ple buffer (Thermo Scientific) and NuPAGE sample reducing agent (Thermo Scientific) before being
heated at 70°C for 10 min and then cooled on ice for 2 min. The samples were then loaded onto a 12%
Bis-Tris miniprotein gel (Thermo Scientific) and subjected to electrophoresis using 1� MES (morpholi-
neethanesulfonic acid) buffer (Thermo Scientific) at 100 V for 1 h. The protein gel was transferred to a
0.45-mm-pore-size nitrocellulose membrane using the Trans-Blot Turbo system (Bio-Rad) according to
the manufacturer’s instructions. The membrane was washed for 5 min three times with PBS with Tween
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20 (PBS-T) buffer. Then, the membrane was washed in blocking solution (5% blotting-grade nonfat milk
in 1� PBS-T buffer) for 30 to 120 min at room temperature with gentle agitation. The membrane was
then washed three times with 1� PBS-T with gentle agitation. Next, the membrane was incubated in
blocking solution containing the primary antibody to the FLAG epitope tag, a-FLAG (Sigma-Adrich),
diluted 1:10,000 overnight. Following three washes with PBS-T for 5 min, the membrane was incubated
for 2 h in blocking solution containing the secondary antibody diluted 1:25,000. The membrane was
then washed three times with PBS-T for 5 min. The membrane was then incubated with chemilumines-
cent detection solution (Thermo Scientific), prepared by mixing 1 mL of chemiluminescent substrate
and 50mL of substrate enhancer for 5 min. The signal was developed using the FluorChem R system.

Mouse pneumonia model of infection. Male and female 6-week-old C57BL/6J mice were pur-
chased from Charles River Laboratories and allowed to acclimate for 1 week prior to infection. To pre-
pare inocula, cultures of the wild-type and mutant strains were grown overnight (37°C, 250 rpm) before
being diluted 1:100 in fresh TSB. After this time, strains were grown for 3 h before being standardized to
an OD600 of 0.05. These cultures were then allowed to grow for 15 h before the CFU per milliliter were
determined. This process was repeated three separate times, and the average CFU per milliliter was
used to calculate the volume of bacteria required to generate a 10-mL inoculum of 1 � 108 CFU/30 mL.
On the day of infection, cultures were grown as described, and the calculated volume of bacteria was
harvested by centrifugation and washed with PBS before being resuspended in 10 mL PBS. Mice were
anesthetized with isoflurane and then inoculated intranasally with 30 mL of the prepared bacteria sus-
pension. Infections were monitored for 24 h or until mice reached a premoribund state, at which point
they were euthanized. Lungs were harvested and homogenized in 2 mL PBS, and the bacterial burden
(CFU/mL) was determined by serial dilution and plating. A Mann-Whitney test was used to determine
statistical significance between the mutant and wild-type-infected mice.

Statistical analysis. All statistical analysis was executed using Prism 9 software (GraphPad).
Ethics statement. The mouse infection experiments were performed with the prior approval of the

University of South Florida Institutional Animal Care and Use Committee.
Data availability. Experimental data from this study were deposited in the NCBI Gene Expression

Omnibus (GEO) database (GEO accession number GSE215075).
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