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ABSTRACT Transcriptional reporters are reliable and time-tested tools to study gene
regulation. In Staphylococcus aureus, b-galactosidase (lacZ)-based genetic screens are
not widely used because of the necessity of selectable markers for strain construction
and the production of staphyloxanthin pigment, which obfuscates results. We describe
a series of vectors that allow for markerless insertion of codon-optimized lacZ-based
transcriptional reporters. The vectors code for different ribosomal binding sites, allow-
ing for tailored lacZ expression. A DcrtM::kanR deletion insertion mutant was con-
structed that prevents the synthesis of staphyloxanthin, thereby permitting blue-white
screening without the interference of carotenoid production. We demonstrate the util-
ity of these vectors to monitor aerobic and anaerobic transcriptional activities. For the
latter, we describe the use of a ferrocyanide-ferricyanide redox system [Fe(CN)632/42]
permitting blue-white screening in the absence of oxygen. We also describe additional
reporter systems and methods for monitoring transcriptional activity during anaerobic
culture, including an FAD-binding fluorescent protein (EcFbFP), alpha-hemolysin (hla),
or lipase (geh). The systems and methods described are compatible with vectors uti-
lized to create and screen high-density transposon mutant libraries.

IMPORTANCE Staphylococcus aureus is a human pathogen and a leading cause of infec-
tious disease-related illness and death worldwide. For S. aureus to successfully colonize
and invade host tissues, it must tightly control the expression of genes encoding viru-
lence factors. Oxygen tension varies greatly at infection sites, and many abscesses are
devoid of oxygen. In this study, we have developed novel tools and methods to study
how and when S. aureus alters transcription of genes. A key advantage of these meth-
ods and tools is that they can be utilized in the presence and absence of oxygen. A
better understanding of anaerobic gene expression in S. aureus will provide important
insights into the regulation of genes in low-oxygen environments.

KEYWORDS Staphylococcus aureus, b-galactosidase, anaerobic, aerobic, lacZ,
staphyloxanthin, fluorescence, reporter, hemolysin, lipase, facultative anaerobes,
transcriptional regulation, transcriptional reporter

S taphylococcus aureus is a Gram-positive pathogen causing morbidity and mortality
worldwide. S. aureus produces numerous virulence factors that contribute to bacte-

rial pathogenesis. Understanding how and when S. aureus alters transcription of genes
encoding virulence factors is key to understanding pathogenesis.

b-Galactosidase (lacZ) assays have been widely used to study the function of bacterial
gene regulatory elements by allowing for quantification of promoter activity on gene
expression. Escherichia coli LacZ (120 kDa, 1,024 amino acids) has b-galactosidase activity,
which catalyzes the hydrolysis of b-galactosides into monosaccharides. b-Galactosidase
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has high stability, is resistant to proteolytic degradation, and does not significantly de-
grade or bleach (as occurs with fluorescent reporters), which promotes successful usage of
b-galactosidase as a transcriptional reporter (1, 2). Miller described a standardized protocol
for measuring b-galactosidase activity using the synthetic substrate o-nitrophenyl-b-D-gal-
actoside (ONPG) (3). The hydrolysis of ONPG leads to production of the colored compound
o-nitrophenol (ONP), which can be measured spectrophotometrically; moreover, monitor-
ing the hydrolysis of ONPG is fast, inexpensive, consistent, and sensitive. The compound
X-Gal (5-bromo-4-chloro-3-indolyl b-D-galactopyranoside) is hydrolyzed by LacZ to pro-
duce 5-bromo-4-chloro-3-hydroxyindole, which can be oxidized to form 5,5-dibromo-
4,49dichloro-indigo, an insoluble indigo precipitate (4). Dimerization of 5-bromo-4-chloro-
3-hydroxyindole is widely used to detect b-galactosidase activity on solid media during
aerobic culture where dioxygen serves as the oxidant.

lacZ-based technologies have been used in S. aureus previously. O’Neill et al. devel-
oped a b-galactosidase leakage assay to assess the ability of molecules to cause mem-
brane damage (5). To this end, they created an S. aureus strain carrying the E. coli lacZ
gene under the transcriptional control of a strong staphylococcal promoter (cap1A). The
strains were exposed to various membrane-damaging substances, and leakage was
detected by monitoring the activity of b-galactosidase in the cell-free supernatant using
a fluorescence assay with 4-methylumbelliferyl-b-D-galactoside as a substrate. Similarly,
Ranjit et al. used b-galactosidase leakage assays to examine the role of disulfide bond
formation in cell lysis and oligomerization of a membrane-associated holin protein CidA
(6). Baum et al. constructed S. aureus strains in which chromosomal insertions contained
lacZ under the transcriptional control of the msrA1 or msrB promoters (7). These strains
were used to monitor lacZ expression after generating additional chromosomal muta-
tions and after the addition of the cell wall-active antibiotic oxacillin.

In addition to quantitative b-galactosidase activity assays, lacZ-based colorimetric
screening experiments have also been previously employed in S. aureus. Nielsen et al.
developed an assay to screen compounds that influence virulence factor production in
S. aureus using transcriptional lacZ reporters fused to the promoter sequences of viru-
lence factor genes hla, rnaIII, and spa (8). These strains were placed as top agar overlays
in medium containing X-Gal substrate, and cell-free fungal lysates containing potential
compound(s) of interest were spotted upon the overlay. Blue-white color development
in the agar overlay was monitored to indicate changes in promoter activity. More
recently, Bojer et al. used a similar approach to investigate the effects of antimicrobial
peptides on virulence gene expression (9). Another work by Ding et al. demonstrated
the influence of a citrate-responsive catabolite control protein E (CcpE) on the pro-
moter activity of aconitase gene (the second enzyme of the tricarboxylic acid cycle)
citB (10). They created transcriptionally fused citB-lacZ and found that not only was the
promoter activity of citB considerably reduced in the DccpE mutant than in the wild-
type strain but also the mutation of box-I sequence in citB promoter completely abol-
ished the promoter activity. LacZ-based technologies have not been widely applied to
nonbiased genetic screens in S. aureus.

To our knowledge, anaerobic monitoring of lacZ expression using X-Gal has not been uti-
lized, because the dimerization of the reaction intermediate monomers (5-bromo-4-chloro-
3-hydroxyindol) requires oxidation to form blue precipitate (5,59-dibromo-4,4’-dichloro-in-
digo). Other reporter systems, including luciferase- and GFP-based fluorescent proteins, also
require oxygen for signal output. Recently, a new class of oxygen-independent flavin mono-
nucleotide-based fluorescent proteins (FbFPs) has been characterized (11, 12). Drepper et al.
engineered a set of FbFPs that are derivatives of bacterial blue-light receptors from Bacillus
subtilis and Pseudomonas putida (12). These proteins were used to generate fluorescent re-
porter systems that are functional under both aerobic and anaerobic conditions in E. coli
(EcFbFP).

Alpha-hemolysin (alpha-toxin), encoded by hla, is a prototypic b-barrel toxin and
one of the key virulence factors of S. aureus. Upon secretion, it forms a pore in the
membranes of target host red blood cells, resulting in cell lysis (13). The S. aureus
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genome encodes several secreted lipase enzymes, which serve to break down host-
derived lipids into free fatty acids for nutrient acquisition (14). Of these, the glycerol
ester hydrolase lipase is encoded by the geh locus and is specific for long-chain fatty
acids (15, 16).

Here, we describe vectors that allow for markerless transcriptional reporters utilizing
lacZ, EcFbFP, hla, or geh expression to monitor promoter activity. The vectors allow for
expression to be driven by different ribosome binding sequences (RBS) of varied
strength. Importantly, when the vectors are resolved after making mutants, they do
not leave behind genetic determinants that provide antibiotic resistance and therefore
can be used for additional genetic manipulations, including the generation of transpo-
son mutant libraries. We also describe a crtM::kan deletion insertion mutation that pre-
vents staphyloxanthin production and aids in mutant identification during blue-white
screening. We outline methods to use the vectors for both aerobic and anaerobic
screening.

RESULTS
Creation of S. aureus lacZ transcriptional reporters. We envisioned a series of

plasmids containing transcriptional reporters that could be used to generate marker-
less S. aureus chromosomal insertions. We chose to use the pJB38 vector as a back-
bone, which encodes ampicillin and chloramphenicol resistance in E. coli and S. aureus,
respectively (17). It also encodes a temperature-sensitive origin of replication in S. aur-
eus and for an anhydrotetracycline-inducible antisense RNA to S. aureus secY, allowing
for inducible counterselection.

We created a series of four vectors (see Table S1 in the supplemental material) that
integrate into the geh locus (SAUSA300_0320), which is commonly used as an episome
integration site (18). The vectors have one of four ribosomal binding sites (RBS) that
drive expression of Escherichia coli lacZ that was codon optimized for S. aureus expres-
sion: hld, sarA, TIR (transcription initiation region), and sodM (Fig. 1A) (19). Altering the
ribosomal binding site can alter gene expression in S. aureus (20). The transcription ini-
tiation region (TIR) RBS was recently described to drive a constitutively high level of
expression (21, 22). The vectors contain the yeast 2m origin of replication and URE3,
allowing for the selection for uracil prototrophs using Saccharomyces cerevisiae strain
FY2, thereby permitting yeast recombinational cloning. The vectors contain a poly-
linker region upstream of the promoter as well as KpnI and MluI restriction sites down-
stream of the promoter yet upstream of the individual RBS (Table S5). These restriction
sites allow for the interchanging of promoter sequences while simultaneously preserv-
ing the location and presence of the RBS. Importantly, once the vector backbone is
excised from the S. aureus genome, the integrated elements do not leave a gene
encoding antibiotic resistance. This allows for strains containing the chromosome-
resolved transcriptional reporter to be used for further genetic manipulation.

We first constructed a series of strains containing the promoter for the sufCDSUB
operon driving expression of lacZ (23). Each of the four strains contained a different
RBS sequence driving lacZ expression. b-Galactosidase activity was quantified after liq-
uid growth and visualized on solid media. The different sufC::lacZ strains had varied
b-galactosidase activity after liquid growth, resulting in the following expression pat-
tern: TIR.hld.sarA.sodM (Fig. 1B). The alterations in RBS-driven lacZ expression were
independent of growth phase. As predicted, the wild-type strain (JMB 1100) did not
display significant b-galactosidase activity. We could not visually distinguish a differ-
ence between these reporter strains when they were spot plated on solid medium con-
taining X-Gal (data not shown).

We also examined lacZ expression driven by the cap5a promoter on solid medium
containing X-Gal. In this case, we could visualize variation in intensity of blue color of
the cap5a::lacZ strains, which displayed a pattern of indole formation that was consist-
ent with the liquid assay results: TIR.hld.sarA-sodM (Fig. 1C).
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Examining the effect of chromosomal manipulations on transcriptional reporter
activity. SaeRS is a two-component regulatory system in S. aureus (24). SaeR and SaeS
are the response regulator and the histidine kinase, respectively. SaeS also interacts
with SaeP, which stimulates the phosphatase activity of SaeS (25). The S. aureus sae
locus is comprised of four open reading frames (saePQRS), which have two promoters.
The first promoter, denoted P1, lies upstream of saeP and is responsive to the phos-
phorylation status of SaeR (25).

We created a strain containing the P1 promoter driving lacZ expression (geh::P1
sarA RBS_lacZ; P1sae::lacZ). Because the sarA RBS showed intermediate levels of b-ga-
lactosidase activity (Fig. 1), we selected the sarA RBS for construction of subsequent re-
porter strains used for blue-white screening to facilitate visualization of alterations in
reporter activity and variations in levels of indole precipitate formation. We hypothe-
sized that intermediate lacZ expression would allow us to identify genes that positively
and negatively impact P1sae transcriptional activity. We transduced this strain with
saeR::Tn and saeP::Tn insertional inactivation mutations and examined lacZ expression
on solid medium by spot plating the P1sae::lacZ strains with various concentrations of
X-Gal. The strains displayed a concomitant increase in indole formation as a function of
X-Gal concentration (Fig. 2A). The strain containing the saeR::Tn mutant displayed a vis-
ual decrease in indole formation (Fig. 2A) compared to the parent strain. The strain
containing the saeP::Tn mutation behaved similarly to the parent, suggesting that SaeP
was inactive under the growth conditions utilized. These data suggest that the concen-
tration of X-Gal could be varied to be effectively used to examine both activators and
repressors of a locus.

We analyzed b-galactosidase expression after aerobic liquid growth. As expected,
the saeR::Tn mutant was required to activate transcription of P1sae::lacZ. The saeP::Tn
mutant had increased b-galactosidase activity compared to the parent strain, suggest-
ing the SaeP was stimulating phosphatase activity under this growth condition.

FIG 1 Ribosomal binding site alters lacZ expression. (A) The DNA sequences of the four ribosomal
binding sites (RBS) utilized to generate the transcriptional reporters. (B) b-Galactosidase activity in the
wild-type (JMB 1100; no lacZ), geh::suf _TIR RBS_lacZ (JMB 9741), suf _sodM RBS_lacZ (JMB 9739), suf _sarA
RBS_lacZ (JMB 9740), and suf _hld RBS_lacZ (JMB 9738) strains during logarithmic or stationary growth
phases. (C) Overnight cultures of the wild type (JMB 1100), cap5a_TIR RBS_lacZ (JMB 9765), cap5a_sodM
RBS_lacZ (JMB 9764), cap5a _sarA RBS_lacZ (JMB 9754), and cap5a _hld RBS_lacZ (JMB 9777) strains were
serially diluted by 10-fold dilutions, and 5 ml of each strain was spotted (1022 through 1025) on TSA
containing 100 mg ml21 X-Gal. The data displayed in panel B are averages from biological triplicates with
the standard deviations shown. A representative image is shown in panel C.
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Generation ofDcrtM::kan allele to improve the resolution of blue-white screening.
We built a mariner-based transposon mutant library in a P1sae::lacZ (sarA_RBS) reporter
strain and screened the library for strains with altered P1 promoter activity. Several
strains were isolated that visually appeared to have altered indole formation after aero-
bic growth. When the strains were plated on TSA medium that did not contain X-Gal,
they had no pigmentation (Fig. 3A). The pigment staphyloxanthin provides most S. aur-
eus strains with a characteristic golden color (26). We determined the chromosomal
location of one of the insertions that generated a nonpigmented S. aureus strain and
found that it was in the crtP gene locus (SAUSA300_2501) (Fig. 3A). CrtP is one of the
enzymes required for staphyloxanthin biosynthesis (27). We determined b-galactosi-
dase activity in the parent and the crtPmutant after liquid growth and found that there
was not a significant difference in either logarithmic or stationary phases of growth
(Fig. 3B).

We hypothesized that staphyloxathin accumulation was interfering with the inten-
sity of blue color and complicating our screening process. To facilitate better resolution
for solid medium lacZ-based blue-white screening with S. aureus, we constructed a
strain that lacked the ability to produce staphyloxanthin. CrtM catalyzes the first com-
mitted step in staphyloxanthin production (27). We constructed a DcrtM::kan mutant
because the vectors needed for building transposon mutant libraries do not utilize
kanamycin resistance determinants and kanamycin resistance is not routinely used to
manipulate the S. aureus genome.

SrrAB is a two-component regulatory system utilizing the SrrA DNA-binding
response regulator and the membrane-associated histidine kinase SrrB (28, 29). The
srrA promoter responds to the phosphorylation status of SrrA. We created the
pJB38_srrAp_sarA RBS_lacZ plasmid and used it to create a srrA::lacZ reporter strain.
The levels of expression of b-galactosidase from the P1sae::lacZ and srrA::lacZ reporters

FIG 2 Directed chromosomal manipulations alter P1sae::lacZ expression. (A) Overnight cultures of the wild-type
(JMB 1100), P1sae::lacZ (JMB 9709), P1sae::lacZ saeR::Tn (JMB 9727), and P1sae::lacZ saeP::Tn (JMB 9728) strains
were serially diluted by 10-fold dilutions and spot plated (1021 through 1026) on TSA with various concentrations
of X-Gal. (B) Quantitative b-galactosidase assays using the strains examined in panel A. All strains utilized the
sarA RBS to drive lacZ expression. Representative images are displayed in panel A. The data depicted in panel B
represent the averages from biological triplicates with the standard deviations shown.
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in wild type and isogenic DcrtM::kan strains were not significantly different (Fig. 4A).
When we serially diluted and spot plated these strains alongside isogenic strains con-
taining saeR::Tn or srrA::Tn, we noted an increase in visual differentiation in indole for-
mation in the strains lacking staphyloxanthin production (Fig. 4B). Interestingly, we
also observed that strains lacking SrrA displayed sensitivity to X-Gal.

FIG 3 Staphyloxanthin production obfuscates visualizing indole formation. (A) Overnight cultures of
the wild-type (JMB 1100, no lacZ), P1sae::lacZ (JMB 9740), and P1sae::lacZ crtP::Tn (JMB 9832) strains
were serially diluted by 10-fold dilutions and spot plated (1023 through 1026) on TSA with and
without 100 mg ml21 X-Gal. (B) b-Galactosidase activity in the wild-type (JMB 1100), P1sae::lacZ (JMB
9709), and P1sae::lacZ crtP::Tn (JMB 9832) strains during logarithmic or stationary growth phases. N.S.,
not significant. All strains utilized the sarA RBS to drive lacZ expression. A representative photo is
displayed in panel A. The data displayed in panel B represent the averages from biological triplicates
with the standard deviations shown.

FIG 4 crtM::kan allele prevents staphyloxanthin expression and aids in blue-white screening. (A) b-Galactosidase activity in the P1sae::lacZ
(JMB 9709), P1sae::lacZ crtM::kanR (JMB 10021), srrA::lacZ (JMB 9742), and srrAp::lacZ crtM::kanR (JMB 10025) strains during logarithmic or
stationary growth phases. (B) The following strains were cultured overnight before serial diluting by 10-fold dilutions and spot plating (1022

through 1025) on TSA and TSA with 50 mg ml21 X-Gal: wild type (JMB 1100), srrAp::lacZ (JMB 9742), srrAp::lacZ srrA::Tn (JMB 10064), srrA::lacZ
DcrtM::kan (JMB 10025), srrA::lacZ DcrtM::kan srrA::Tn (JMB 10067), P1sae::lacZ (JMB 9709), P1sae::lacZ saeR::Tn (JMB 9727), P1sae::lacZ DcrtM::
kan (JMB 10021), and P1sae::lacZ DcrtM::kan saeR::Tn (JMB 10236). All strains utilized the sarA RBS to drive lacZ expression. The data
displayed in panel A are averages from biological triplicates with the standard deviations shown. Representative images are displayed in
panel B.
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The finding that the growth of the srrA::lacZ srrA::Tn strain was negatively affected
by the presence of X-Gal led us to examine whether the geh locus is important for cel-
lular fitness. We conducted a series of competition experiments using the WT, geh::Tn
mutants, or the strains containing the srrA::lacZ construct within geh. We found that
disrupting geh with either a transposon or the srrA::lacZ transcriptional reporter had no
effect on fitness under the culture conditions utilized (Table S6). Likewise, the growth
of the geh::Tn and srrA::lacZ strains were identical in TSB medium (Fig. S1). Taken to-
gether, these data indicate the srrA::lacZ strain containing the srrA::Tn mutation are
adversely effected by the presence of X-Gal and that the geh locus does not play a criti-
cal role in fitness of S. aureus USA300_LAC under the growth conditions utilized.

Using lacZ transcriptional reporter strains for anaerobic screening. Traditionally,
lacZ-dependent X-Gal hydrolysis screens have only been conducted aerobically
because an oxidant (i.e., dioxygen) is necessary for dimerization of the hydrolysis by-
product 5-bromo-4-chloro-3-hydroxyindole, which is visualized as indigo color. S. aur-
eus is a facultative anaerobe (30), and blue-white screens have previously been per-
formed after anaerobic growth using X-Gal spray overlays (31). We sought to apply this
method to visualize b-galactosidase activity in S. aureus grown anaerobically on solid
medium. We monitored lacZ expression in the srrA::lacZ strain as well as the isogenic
srrB::Tn and DsrrAB::tet mutants that had been spot plated and cultured anaerobically.
The agar plates were colorless after incubation. One plate was sprayed with a 25-mg
ml21 X-Gal solution and removed from the anaerobic chamber. Another plate also
sprayed with a solution of 25 mg ml21 X-Gal and 3.3 mg ml21 tetracycline to prevent
new b-galactosidase synthesis. Upon exposure to oxygen and indole color develop-
ment, we observed that the srrB::Tn mutant exhibited decreased srrAp::lacZ reporter ac-
tivity compared to the parent strain (Fig. 5A). The addition of tetracycline had no

FIG 5 Monitoring lacZ expression during anaerobic growth. (A) Overnight cultures of the wild type (JMB 1100),
srrAp::lacZ (JMB 9742), srrAp::lacZ srrB::Tn (JMB 10066), and srrAp::lacZ DsrrAB::tetM (JMB 10065) were serially
diluted, spotted on TSA, and cultured anaerobically. One plate was sprayed with a 25-mg ml21 solution of X-
Gal, and another was sprayed with a solution of 25 mg ml21 X-Gal and 3.3 mg ml21 tetracycline before all
three plates were removed from the anaerobic chamber and allowed to develop. (B) Overnight cultures of wild
type (JMB 1100), P1sae::lacZ (JMB 9709), and P1sae::lacZ saeR::Tn (JMB 9727) were serially diluted and spotted
on TSA with and without 100 mg ml21 X-Gal and with and without 5 mM Fe(CN)6

32 and Fe(CN)6
42 before

incubating in aerobic or anaerobic conditions. (C) Overnight cultures of the same strains used in panel B were
serially diluted and spotted on plates with or without S-gal. The plates were incubated anaerobically.
Representative images are shown and depict 10-fold serial dilutions (1023 through 1026).
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impact on chromatic development suggesting that the presence of oxygen was not
significantly altering lacZ expression under the time frame utilized.

We next developed a method for monitoring X-Gal hydrolysis on solid medium in
the absence of dioxygen. The addition of a ferrocyanide-ferricyanide redox system [Fe
(CN)632/4–] has been shown to act as an electron acceptor to increase the rate of 5,59-
dibromo-4,49-dichloro-indigo development when monitoring lacZ expression for histo-
chemical analyses (32, 33). We examined whether the addition of these chemicals to
solid media would allow us to visualize X-Gal hydrolysis anaerobically. The inclusion of
Fe(CN)63–/42 resulted in the formation of an indigo precipitate anaerobically (Fig. 5B).
Addition of 5 mM Fe(CN)632 and Fe(CN)642 resulted in optimal visualization and little
to no growth inhibition. The wild-type and the P1sae::lacZ saeR::Tn strains did not dis-
play noticeable chromophore development, consistent with the blue color arising from
lacZ expression and X-Gal cleavage.

3,4-Cyclohexeneoesculetin-b-D-galactopyranoside sodium salt (S-gal) is a chromo-
genic substrate for b-galactosidase that can be utilized to examine lacZ expression in
the absence of oxygen. When hydrolyzed, the by-product can chelate iron resulting in
a black precipitate (34). Importantly, S-gal staining does not require oxygen and there-
fore can be utilized to visualize b-galactosidase activity under anaerobic conditions. To
visualize anaerobic promoter activity, we spotted P1sae::lacZ reporter strains on plates
containing S-gal and Fe31 (Fig. 5C). As expected, the P1sae::lacZ strain displayed a black
precipitant after anaerobic incubation. The wild-type and P1sae::lacZ saeR::Tn strains
displayed little to no black precipitant, suggesting that lacZ expression was leading to
this phenotype.

Using a FbFP reporter system to assay anaerobic transcriptional activity. Flavin
mononucleotide-based fluorescent proteins (FbFPs) have been used to develop fluo-
rescent reporter systems that are functional under both aerobic and anaerobic condi-
tions in E. coli (12). We generated a multicopy plasmid FbFP-based transcriptional re-
porter for expression in S. aureus. The E. coli-derived (EcFbFP) genetic sequence was
codon optimized for S. aureus expression and placed under the transcriptional control
of the P1sae promoter. S. aureus cells harboring the P1sae::EcFbFP reporter displayed
significantly greater fluorescence than wild-type cells after aerobic culture (Fig. 6A).

FIG 6 Using EcFbFP expression to monitor transcriptional activity. Fluorescence was monitored in the wild type (JMB 1100) and
DsaePQRS::spec (JMB 1335) strains containing either pCM28 or pCM28_ P1sae::EcPbFP after aerobic (A) or anaerobic (B) culture. (C)
Fluorescence was monitored in the wild-type (JMB 1100), P1sae::EcFbFP (JMB 10207), and P1sae::EcFbFP saeR::Tn (JMB 10217)
strains after aerobic culture. The data represent the averages from biological triplicates, and standard deviations are shown.
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Fluorescence was greatly diminished in a DsaePQRS::spec mutant containing P1sae::
EcFbFP reporter, suggesting that the fluorescence signal was specific to P1sae pro-
moter activity. Importantly, the P1sae::EcFbFP reporter system was functional in the ab-
sence of oxygen (Fig. 6B).

In addition to the plasmid-based EcFbFP reporter system, we also generated a chro-
mosomally integrated P1sae::EcFbFP reporter strain, which allows for markerless inser-
tion of the reporter sequence into geh of the S. aureus genome. The integrated P1sae::
EcFbFP strain displayed weaker fluorescence signal than a strain carrying the plasmid-
based reporter (Fig. 6C). This decrease in signal output likely reflects transcriptional re-
porter copy number.

Creation of vectors to utilize hemolysin or lipase expression to monitor
transcriptional activity.We generated two vectors that can be used to screen aerobic
or anaerobic cultures for altered promoter transcriptional activity using the endoge-
nous S. aureus enzymes alpha-hemolysin (hla) and lipase (geh). Both reporters utilize
the TIR ribosomal binding site because of its constitutively high level of expression.
The vectors provide markerless integration into the S. aureus genome, allowing for fur-
ther genetic manipulation. We used the vectors to replace the hla or geh promoters
with the P1sae promoter. Notably, the gene products of both hla and geh are secreted
proteins, which allows for screening on solid media.

When examined on rabbit blood agar, S. aureus cells containing the P1sae::hla re-
porter produced a zone of hemolysis (Fig. 7A). Introduction of an saeP::Tn or saeR::Tn
mutation increased and decreased the zone of hemolysis, respectively, suggesting that
the changes in hla expression were specific to the P1sae promoter (Fig. 7B).
Importantly, alpha-hemolysis activity was observed under both aerobic and anaerobic
conditions.

To complement the plate-based screening, we quantified alpha-hemolysin activity
(Fig. 7C). We assessed hemolysis of rabbit red blood cells incubated with cell-free spent
media from overnight cultures. We observed significantly more hemolysis in the spent
media from the saeP::Tn mutant than the parent strain. This result suggests that SaeP
plays a role in regulating SaeRS activity in both the presence and absence of oxygen.
As expected, we noted significantly decreased hemolysis in the saeR::Tn mutant.

We next examined geh expression by supplementing the solid medium with Tween
80 substrate and calcium salt, which forms an insoluble precipitate when bound to
free fatty acids generated by lipase. S. aureus cells harboring the P1sae::geh reporter
produced a zone of fatty acid precipitate (Fig. 8). The precipitate zone was significantly
smaller and larger upon the introduction of saeR::Tn or saeP::Tn mutations, respectively.
These data suggest that the witnessed geh expression was specifically controlled by
the transcriptional activity of the P1sae promoter. As observed with the alpha-hemoly-
sin reporter system, the P1sae::geh reporter was active under both aerobic and anaero-
bic conditions.

DISCUSSION

We have designed a suite of vectors and methods to monitor transcriptional activity
in S. aureus under both aerobic and anaerobic growth conditions. These vectors will
enable researchers to identify physiological conditions and genetic loci that alter pro-
moter activity. Importantly, these vectors have several key advantages over previously
described S. aureus vectors. The presence of a yeast cloning cassette and restriction
sites that flank the promoter region allow for simple replacement of the promoter of
interest using restriction enzyme-based cloning or recombinational cloning. The shut-
tle vectors can be moved easily between S. cerevisiae, E. coli, and S. aureus. The vectors
have one of four RBS, which allows researchers to tailor reporter gene transcription.
There are restriction sites upstream and downstream of the reporter gene, allowing for
replacement with alternate reporter genes (gfp, yfp, mCherry, etc.). Many of the vectors
integrate into the nonessential geh locus and, to our knowledge, do not hamper the
fitness of S. aureus under standard laboratory culture conditions (see Table S6 and Fig.
S1 in the supplemental material). Lastly, the vectors enable researchers to construct
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markerless reporter strains, which allows for further genetic manipulation, such as the
building of transposon mutant libraries using plasmids requiring extensive selection
for antibiotic resistance.

S. aureus does not show an inherent b-galactosidase activity like other coagulase-
positive staphylococci, which allows for the monitoring of X-Gal hydrolysis (18). A wide
array of b-galactosidase substrates is available for detection of b-galactosidase activ-
ity; however, nearly all the substrates described require dioxygen for development.
Here, we demonstrate that anaerobic S. aureus gene expression studies can be success-
fully conducted on solid media with lacZ-based reporters using S-gal, an X-Gal spray,
or the inclusion of an Fe(CN)632/42 redox cycling system.

After building transposon mutant libraries in our reporter strains, we found that
nearly all the mutants isolated contained mutations that altered staphyloxanthin pro-
duction, which obfuscated the results from blue-white screening. To circumvent this

FIG 7 Using hla expression to monitor transcriptional activity. (A) Overnight cultures of the P1sae::hla
(JMB 10341), P1sae::hla saeR::Tn (JMB 10350), and P1sae::hla saeP::Tn (JMB 10351) strains were spotted
in triplicate on TSA plates containing 5% defibrinated rabbit blood. (B) Quantification of hla
expression by measuring the clearance zones from the plate image shown in panel A. Relative halo
size was normalized to the average clearance zone of P1sae::hla (JMB 10341). (C) Quantification of hla
expression by monitoring hemolysis. Hemolysis of rabbit red blood cells was assessed by monitoring
absorbance at 450 nm and incubating with spent medium from overnight cultures. The strains
utilized are the same as the strains utilized in panel A. The data represent averages from biological
triplicates, and the error bars represent standard deviations.

Price et al. Applied and Environmental Microbiology

November 2021 Volume 87 Issue 21 e01108-21 aem.asm.org 10

https://aem.asm.org


problem, we created a DcrtM::kanR mutation which prevented staphyloxanthin pro-
duction and afforded better clarity in plate screening. Kanamycin is rarely used in S.
aureus molecular biology; therefore, the DcrtM::kanR mutation allows for further
genetic manipulation and for locus movement between strains via transduction.
Staphyloxanthin production has been shown to protect cells from reactive oxygen spe-
cies (ROS) and to have a role in pathogenesis. The presence of staphyloxanthin did not
alter the activities of the promoters studied here. That said, researchers should keep
the role of crtM in mind when examining promoter activity under conditions of high
ROS production and avoid using the crtM::kanR allele for in vivo pathogenesis studies.

Three non-lacZ-based reporter systems allowed us to monitor gene transcriptional
activity in the absence of oxygen. Monitoring P1sae transcriptional activity by quantify-
ing EcFbFP expression worked well when the reporter system was provided as a multi-
copy plasmid. The sensitivity of this reporter was diminished when provided in single
copy via chromosomal integration even when using the TIR RBS to drive expression.
The hla and geh reporters provided robust expression patterns on solid media.
Importantly, the activities of both alpha-hemolysin and lipase do not require oxygen,
making these reporter vectors ideal for monitoring anaerobic gene transcription.

As a facultative anaerobe, S. aureus can use respiration or fermentation to generate
energy and maintain redox homeostasis. Most infection sites are low-oxygen or anaer-
obic environments. Not surprisingly, S. aureus alters the transcription of many virulence
genes as a variable of oxygen tension. A better understanding of anaerobic gene
expression will provide insight into S. aureus pathogenesis. The vectors, strains, and
methods described here provide an advanced toolkit to dissect aerobic and anaerobic
gene regulation in S. aureus.

FIG 8 Using geh expression to monitor transcriptional activity. (A) Overnight cultures of the P1sae::
geh (JMB 10337), P1sae::geh saeR::Tn (JMB 10346), and P1sae::geh saeP::Tn (JMB 10347) strains were
spotted in triplicate on lipase activity plates containing 1% Tween 80 and calcium salt. (B)
Quantification of geh expression by measuring the precipitate zones from the plate image is shown
in panel A. Relative halo size was normalized to the average precipitate zone of P1sae::geh (JMB
10337).
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MATERIALS ANDMETHODS
Bacterial strains and culture conditions. Tryptic soy broth (TSB) was purchased from VWR. X-Gal

was purchased from VWR, and 3,4-cyclohexeneoesculetin-b-D-galactopyranoside sodium salt (S-gal) was
purchased from Sigma-Aldrich. For solid medium (TSA), TSB was supplemented with 1.5% agar. For aero-
bic spotting assays, individual strains were grown in 5 ml of TSB in 30-ml culture tubes and shaken at
220 rpm at 37°C to an optical density at 600 nm (OD600) of 1. Strains were serially diluted, and 5-ml sam-
ples were spotted as 10-fold dilutions on TSA plates containing various concentrations of X-Gal or S-gal.
For plates containing S-gal, the agar was also supplemented with ferric ammonium citrate (Sigma-
Aldrich) at a concentration of 62.5 mg ml21. For anaerobic spotting experiments, plates were incubated
at 37°C within a COY anaerobic chamber for 36 h. Overlay plates were sprayed carefully in the chamber
with X-Gal (25 mg ml21 prepared in dimethyl sulfoxide [DMSO]) supplemented with tetracycline (3.3 mg
ml21) until the agar surface was completely covered. Sprayed plates were removed from the chamber
and exposed to oxygen. Plates were dried in a fume hood and were developed for an hour.

When selecting for plasmids, episomes, or chromosomal insertions, antibiotics were added at the fol-
lowing final concentrations: 150 mg ml21 ampicillin, 30 mg ml21 chloramphenicol (Cm), 10 mg ml21

erythromycin (Erm), 50 mg ml21 kanamycin (Kan), or 3 mg ml21 tetracycline (Tet).
Growth curves and fitness assays. Liquid growth curve analysis was conducted in a 96-well micro-

titer plate using a BioTek 808E visible absorption spectrophotometer. Plates were continually shaken at
approximately 200 rpm at 37°C for 12 h, and culture densities were read at 600 nm every 30 min. Cells
used for inoculation were cultured for 18 h in TSB medium before washing with phosphate-buffered sa-
line (PBS). Prior to inoculation, the optical densities of the cell suspensions were adjusted to 1 (OD600),
and 5ml was added to 195ml of TSB medium per well. Biological triplicates of each strain were assayed.

For growth competition assays, triplicate cocultures of the desired pairs of strains were grown at a
1:1 ratio in TSB medium for approximately 18 h at 37°C. Cells used for inoculation were cultured for 18 h
in TSB medium before washing with PBS. Prior to coculture inoculation, the optical densities of the cell
suspensions were adjusted to ;1, and 10 ml of each strain was added to 2 ml of TSB medium per cocul-
ture tube. After 18 h of growth at 37°C, cocultures were serially diluted in PBS by a factor of 1 � 1026,
and 100 ml of each dilution was spread on TSB agar plates supplemented with or without 10 mg ml21

Erm. After overnight incubation at 37°C, the relative proportion of both strains in each coculture was
determined by counting CFU on each plate. The fraction of the coculture containing each strain was
expressed relative to total CFU.

Plasmid and strain construction. All transductions were conducted using bacteriophage 80a (35).
All bacterial strains were PCR verified before use. Plasmids were sequenced at Genewiz (South Plainfield,
NJ) (Tables 1 and 2). Synthetic DNA was synthesized by Twist Biosciences (San Francisco, CA) or
Integrated DNA Technologies (Coralville, IA). DNA primers were purchased from Integrated DNA
Technologies (Coralville, IA). Phusion DNA polymerase was purchased from New England Biolabs. lacZ
and EcFbFP were codon optimized for expression in S. aureus using the online Integrated DNA
Technologies codon optimization tool.

TABLE 1 Plasmids utilized in this study

Plasmid Construct Source or reference
pJB38 22
pJB38_DcopBL YCC amplification 41
pJB185 lacZ amplification 42
pMG020 Encoding transposase 38
pBursa Bursa transposon 39
pCM28 43
pJB38_DcrtM::kanR crtMmutant This study
pJB38_P1sae_TIR RBS_lacZ P1 transcriptional reporter This study
pJB38_P1sae_sodM RBS_lacZ P1 transcriptional reporter This study
pJB38_P1sae_sarA RBS_lacZ P1 transcriptional reporter This study
pJB38_P1sae_hld RBS_lacZ P1 transcriptional reporter This study
pJB38_P1sae_sarA RBS_ EcFbFP P1 transcriptional reporter This study
pCM28_P1sae_sarA RBS_ EcFbFP P1 transcriptional reporter This study
pJB38_P1sae_TIR RBS_geh P1 transcriptional reporter This study
pJB38_P1sae_TIR RBS_hla P1 transcriptional reporter This study
pJB38_suf_TIR RBS_lacZ suf transcriptional reporter This study
pJB38_suf_sodM RBS_lacZ suf transcriptional reporter This study
pJB38_suf_sarA RBS_lacZ suf transcriptional reporter This study
pJB38_suf_hld RBS_lacZ suf transcriptional reporter This study
pJB38_cap5a_TIR RBS_lacZ cap5a transcriptional reporter This study
pJB38_cap5a_sodM RBS_lacZ cap5a transcriptional reporter This study
pJB38_cap5a_sarA RBS_lacZ cap5a transcriptional reporter This study
pJB38_cap5a_hld RBS_lacZ cap5a transcriptional reporter This study
pJB38_srrAp_sarA RBS_lacZ srrA transcriptional reporter This study
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Yeast homologous recombination was used to construct plasmids as previously described (17, 36).
To begin, portions of DNA were synthesized containing (i) a 39 portion homologous to an upstream por-
tion of geh, (ii) a polylinker, (iii) the P1sae or suf promoter, (iv) KpnI, NheI, MluI, and SalI restriction sites,
(v) a sodM, sarA, hld, or TIR ribosomal binding site, and (vi) the 59 portion of the codon-optimized lacZ.
The sequences of the synthesized DNA constructs used for construction of plasmids are listed in Table
S1 in the supplemental material. The sequences of the DNA primers utilized to generate PCR amplicons
are listed in Table S2. The yeast cloning cassette and lacZ sequences were amplified using
pJB38_DcopBL and pJB185 as templates, respectively (19). The plasmids that were created using yeast
recombinational cloning along with the DNA primers and DNA templates used to generate the ampli-
cons are listed in Table S3. The amplicons were combined with EcoRI-digested pJB38 and transformed
into Saccharomyces cerevisiae strain FY2. S. cerevisiae colonies containing the plasmid of interest were
identified by colony PCR and further propagated. Plasmids were recovered from yeast and electropo-
rated into E. coli PX5 (Protein Express) cells selecting for Amp resistance. The plasmids were then trans-
formed into S. aureus RN4220 and selected for Cm resistance. The vectors were transduced into
JMB1100, and the integrates were constructed as previously described (37).

In order to create the DcrtM::kanR deletion strain, approximately 500 bp upstream and downstream
of the crtM gene (SAUSA300_2499) was PCR amplified using JMB1100 or JMB2122 (kanR) chromosomal
DNA as a template and the following primer pairs: YCC_crtM_for and kanR_up_crtM_rev; up
kanR_crtM_for and down_kanR_crtM_rev; and kanR_down_crtM_for and pJB38_crtM_rev. pJB38_rseE::
tet was digested with MluI and NheI and gel purified. The vector and amplicons were combined and
transduced into S. cerevisiae strain FY2, resulting in pJB38_DcrtM::kanR. The plasmid was recovered using
E. coli PX5 and transformed into S. aureus strain RN4220. The mutant was created in JMB 1100, resulting
in strain JMB9964, and then the crtM::kanR allele was transduced into strains of interest.

To generate the pJB38_ P1sae_sarA RBS_EcFbFP vector, the pJB38_ P1sae_TIR RBS_lacZ vector was

TABLE 2 S. aureus strains utilized in this study

Name Genotype Source or reference
RN4220 Restriction minus 44
JMB 1100 Wild type 43
JMB 2122 DbshA::kanR 45
JMB 1335 DsaePQRS::spec 30
JMB 9741 geh::suf _TIR RBS_lacZ This study
JMB 9739 geh::suf _sodM RBS_lacZ This study
JMB 9740 geh::suf _sarA RBS_lacZ This study
JMB 9738 geh::suf _hld RBS_lacZ This study
JMB 9765 geh::cap5a_TIR RBS_lacZ This study
JMB 9764 geh::cap5a_sodM RBS_lacZ This study
JMB 9754 geh::cap5a _sarA RBS_lacZ This study
JMB 9777 geh::cap5a _hld RBS_lacZ This study
JMB 9709 geh::P1sae_sarA RBS_lacZ This study
JMB 9727 geh::P1sae_sarA RBS_lacZ saeR::Tn (ermB) This study, 46
JMB 9774 geh::P1sae_sarA RBS_lacZ Tn library This study
JMB 9728 geh::P1sae_sarA RBS_lacZ saeP::Tn (ermB) This study, 46
JMB 9832 geh::P1sae_sarA RBS _lacZ SAUSA300_2501::Tn (crtP) (ermB) This study
JMB 9964 crtM::kanR This study
JMB 9742 geh::srrAp _sarA_RBS_lacZ This study
JMB 10025 geh::srrAp_sarA_RBS_lacZ DcrtM::kanR This study
JMB 10021 geh:: P1sae_sarA RBS_lacZ DcrtM::kanR This study
JMB 10067 geh::srrAp_sarA_RBS_lacZ DcrtM::kanR srrA::Tn (ermB) This study, 46
JMB 10236 geh::P1sae_sarA RBS_lacZ DcrtM::kanR saeR::Tn (ermB) This study, 46
JMB 10064 geh::srrAp_sarA RBS_lacZ srrA::Tn (ermB) This study, 46
JMB 10065 geh::srrAp_sarA RBS_lacZ DsrrAB::tetM This study, 28
JMB 10207 geh:: P1sae_sarA RBS_EcFbFP This study
JMB 10217 geh:: P1sae_sarA RBS_EcFbFP saeR::Tn (ermB) This study, 46
JMB 10341 P1sae_TIR RBS::hla This study
JMB 10350 P1sae_TIR RBS::hla saeR::Tn (ermB) This study, 46
JMB 10351 P1sae_TIR RBS::hla saeP::Tn (ermB) This study, 46
JMB 10337 P1sae_TIR RBS::geh This study
JMB 10346 P1sae_TIR RBS::geh saeR::Tn (ermB) This study, 46
JMB 10347 P1sae_TIR RBS::geh saeP::Tn (ermB) This study, 46
JMB 10621 lacB::Tn (ermB) This study, 46
JMB 10623 geh::srrAp _sarA_RBS_lacZ lacB::Tn (ermB) This study, 46
JMB 1886 geh::pLL39 This study
JMB 10624 geh::pLL39 lacB::Tn (ermB) This study, 30, 46
JMB 10622 geh::Tn (ermB) This study, 46
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digested with MluI and PstI. MluI cuts upstream of lacZ. PstI cuts downstream of the geh downstream
fragment. The vector backbone was gel purified and combined with the amplicons generated using the
following primer pairs: gehpJB38 pstI and EcFbFPgehfor and P1TIR EcFbFP for and EcFbFPgehrev.
Chromosomal DNA and the synthesized EcFbFP fragment were used as templates for PCR. To generate
the pCM28_ P1sae_sarA RBS_EcFbFP vector, pCM28 was digested with BamHI and SalI. The gel-purified
vector backbone was combined with amplicons generated using pJB38_ P1sae_sarA RBS_EcFbFP as a
PCR template and the following primer pairs: pCM28_YCC_for and YCC_P1_rev and YCC_P1_for and
EcFbFP_pCM28_3. Note that the upstream and downstream primers did not contain the BamHI and SalI
restriction sites found in pCM28, yielding a plasmid lacking these sites.

To create the pJB38_ P1sae_TIR RBS_hla pJB38_ P1sae_TIR RBS_geh vectors, pJB38 was linearized
with EcoRI. The native hla or geh promoters and RBS were replaced with the P1sae promoter and either
the sodM or TIR RBS. This was flanked by approximately 500 bp of chromosomal DNA from upstream of
the promoter and 500 bp of downstream chromosomal DNA that initiates the translational start site.
The vectors integrate at the native hla or geh loci and replace the native promoter with the P1sae pro-
moter and the selected RBS.

Several additional plasmids were created using restriction enzyme-based cloning. These plasmids, as
well as the primers, vector backbones, and restriction enzymes that were utilized to create them, are
listed in Table S4. Representative vector sequences and maps are shown in Table S5.

Quantitative b-galactosidase assay. The bacterial strains were grown to an OD600 of approximately
1. Cell culture (1 ml) was pelleted by centrifugation. Cell pellets were resuspended in 1.2 ml of Z-buffer
(60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, 50 mM b-mercaptoethanol, pH 7.0) in 2-
ml screw-cap tubes containing 0.1-mm silica glass beads (MP Biomedicals). Cells were lysed by bead
beating (3 cycles, 40 s each, 6.0 m/s) using a FastPrep homogenizer (MP Biomedicals). Material was cen-
trifuged at 13,000 � g for 2 min to remove unlysed cells and insoluble debris. Supernatant lysate (20 ml)
was added to 680 ml of Z-buffer, and 140 ml of ONPG (4 mg ml21 [wt/vol]) was added to the samples.
The reactions were quenched by adding 200 ml stop solution (1 M Na2CO3) as soon as the samples
turned light yellow, and the reaction time was recorded. The A420 of the samples were measured using a
UV spectrophotometer (Beckman Coulter DU 530 Life Science UV/Vis spectrophotometer). The corre-
sponding protein concentrations of the samples were measured using a Bradford assay as previously
described (15). The modified Miller units (specific activity) were calculated as the following:

Modified Miller units ¼ 1;000�OD420

time minð Þ� lysate volume mlð Þ� protein concentration ð mg
ml Þ

For anaerobic b-galactosidase assays, the reporter strains were grown aerobically to an OD600 of ;1
and then transferred to a 37°C incubator in an anaerobic chamber and grown statically overnight. The
cells were pelleted inside the anaerobic chamber by centrifugation, resuspended in 1.2 ml of Z-buffer,
and transferred to glass bead-containing screw-cap tubes prior to removal from the anaerobic chamber.
The remaining procedure after cell lysis was carried out as described above.

Transposon library construction. Transposon mutant libraries were constructed in the P1sae_sarA
RBS_lacZ (JMB 9709) reporter strain as previously described (38, 39). Briefly, the plasmid pMG020 (encod-
ing transposase) was freshly transformed into RN4220 and incubated on TSA Tet (10 mg ml21) at 30°C.
Single colonies were selected and grown in TSB Tet (10 mg ml21) at 30°C, and lysates were generated.
Reporter strains carrying pBursa were transduced with pMG020 and selected on TSA Cm-Tet plates at
30°C. Cells grown from individual colonies struck on TSA Cm-Tet plates were diluted and suspended in
200 ml PBS buffer, and 15-ml aliquots were spread onto TSA plates containing 10 mg ml21 Erm and then
incubated at 42°C for 24 h to allow for transposition. In total, colonies from 22 large petri plates (contain-
ing approximately 3,000 colonies each) were pooled using TSB 10 mg ml21 Erm supplemented with 25%
glycerol. Aliquots were thoroughly mixed by vortexing and combined into a single pool of transposon
mutants. Aliquots (1 ml each) were then frozen and stored at 280°C. Aliquots of the transposon libraries
were plated on TSA Erm plates containing 50 mg ml21 X-Gal to select single-colony mutants with altered
lacZ expression. Mutants with altered lacZ expression were reconstructed by transforming the Tn lesion
back into the parent, followed by qualitative and quantitative b-galactosidase assays.

Mapping the locations of chromosomal insertions. The genomic locations of transposon inser-
tions were mapped as previously described, with slight modifications (38, 39). Briefly, genomic DNA was
isolated from the colonies that displayed a variation in X-Gal hydrolysis using a Lucigen Gram-positive
DNA purification kit. Chromosomal DNA (1 mg) was digested with 10 U (1 ml) of restriction enzyme AciI
(New England Biolabs [NEB]) for 1 h at 37°C, heat inactivated at 65°C for 30 min, and ligated using 1 ml
Quick ligase (NEB) at room temperature for 15 min. PCRs were then performed in a final volume of 50 ml
containing the ligated DNA, Phusion polymerase, and Tn-Buster and Martn-ermR DNA primers. DNA was
amplified using a three-step PCR cycle, denaturation (98°C for 30s), annealing (50°C for 30s), and elonga-
tion (72°C for 2 min), repeated 25 times. The PCR products were separated on a 1% agarose gel, and
DNA bands were gel extracted (Qiagen) and submitted for Sanger sequencing using either the Tn-
Buster or Martn-ermR primers.

Examining expression of EcFbFP reporter constructs. Fluorescence measurements of whole-cell
liquid cultures were carried out photometrically on a Variskan Lux plate reader (Thermo Scientific).
Aliquots of cell cultures (1 ml) grown under aerobic or anaerobic conditions were pelleted by centrifuga-
tion and resuspended in 1 ml of PBS. Samples of 200 ml were used for quantification of the fluorescence
intensity in a black 96-well plate at room temperature. Measurements were taken with an excitation
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wavelength of 450 nm, an emission wavelength of 495 nm, and a 12-nm path length. Triplicate samples
from each strain were averaged and normalized against cell density.

Hemolysin and lipase activity assays. For plate-based hemolysis and lipase assays, overnight cul-
tures grown in TSB were diluted and grown to an optical density of 1 (A600). For hemolysis assays, 2-ml
aliquots of the cell suspension were spotted onto TSA plates containing 5% defibrinated rabbit blood
(HemoStat Laboratories). For lipase assays, 2-ml aliquots of cell suspension were spotted onto lipase ac-
tivity plates (1% peptone, 85 mM NaCl, 8.8 mM CaCl2, 1.5% agar) containing 1% Tween 80 (VWR). Plates
were incubated at 37°C aerobically or in a COY anaerobic chamber until halos surrounding the spotted
cells appeared.

Quantitative hemolysis assays were performed as previously described, with slight modifications (40).
Briefly, cultures were incubated at 37°C with shaking at 220 rpm for 18 h. For anaerobic samples, strains
were grown aerobically to an OD600 of;1 and then transferred to a 37°C incubator in an anaerobic cham-
ber and grown statically overnight. The cultures were diluted with TSB to equalize the OD600 to;0.05, pel-
leted by centrifugation, and sterilized through a 0.2-mm filter. Samples (100 ml) were incubated at 37°C
with a 3% solution of PBS-washed rabbit blood cells in a BioTek Epoch 2 microplate reader, and hemolysis
was assessed with absorbance measurements at 450 nm taken every 4 min for 2 h. Biological triplicates
were assayed in duplicate and averaged.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.4 MB.
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