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ABSTRACT: Staphylococcus aureus is an important clinical
bacterium prevalent in human-associated microbiomes and the
cause of many diseases. However, S. aureus has been intractable to
synthetic biology approaches due to limited characterized genetic
parts for this nonmodel Gram-positive bacterium. Moreover,
genetic manipulation of S. aureus has relied on cumbersome and
inefficient cloning strategies. Here, we report the first standardized
genetic parts toolbox for S. aureus, which includes characterized
promoters, ribosome binding sites, terminators, and plasmid
replicons from a variety of bacteria for precise control of gene
expression. We established a standard relative expression unit
(REU) for S. aureus using a plasmid reference and characterized
genetic parts in standardized REUs using S. aureus ATCC 12600. We constructed promoter and terminator part plasmids that are
compatible with an efficient Type IIS DNA assembly strategy to effectively build multipart DNA constructs. A library of 24
constitutive promoters was built and characterized in S. aureus, which showed a 380-fold activity range. This promoter library was
also assayed in Bacillus subtilis (122-fold activity range) to demonstrate the transferability of the constitutive promoters between
these Gram-positive bacteria. By applying an iterative design-build-test-learn cycle, we demonstrated the use of our toolbox for the
rational design and engineering of a tetracycline sensor in S. aureus using the PXyl‑TetO aTc-inducible promoter that achieved 25.8-fold
induction. This toolbox greatly expands the growing number of genetic parts for Gram-positive bacteria and will allow researchers to
leverage synthetic biology approaches to study and engineer cellular processes in S. aureus.
KEYWORDS: biological parts, genetic standards, genetic toolbox, Gram-positive bacteria, characterized genetic elements

■ INTRODUCTION
Staphylococcus aureus is an opportunistic Gram-positive
pathogen and one of the most common causes of hospital-
acquired infections1 and biofilm infections.2,3 Although it can
colonize harmlessly on the skin or in the nose of healthy
people, S. aureus can quickly alter its phenotype to cause
deadly infections and target different organ systems of the
body.4 Its pathogenicity has been attributed to a combination
of strong and pervasive cell attachment to a variety of
implanted biomaterials5,6 and tissues,7 efficient aggregation and
biofilm formation,2 and the release of various toxins to evade
the host immune response,8 among other mechanisms. Due to
these properties and the rapid rise of antibiotic resistant
strains,9,10 S. aureus is a bacterium of broad and critical interest
for further study.
Despite its prevalence in biological and medical studies, S.

aureus has been intractable to synthetic biology approaches and
the precise control of gene expression. Most prior genetic
studies in S. aureus have used allelic exchange,11 gene deletion
and complementation,12,13 and random transposon muta-
genesis14 to interrogate gene function. Alternatively, synthetic
biology can offer an efficient and faster investigation of cellular
processes using genetic tools and synthetic DNA constructs.
However, few studies have created fully synthetic DNA

constructs in S. aureus, with most using large and imprecisely
annotated DNA fragments from this organism to control gene
expression.15,16 Notably, these large DNA fragments can
contain unidentified genetic regulatory elements, which can
unexpectedly alter the gene expression. This makes it difficult
to insert additional synthetic DNA or carefully tune expression
due to the limited composability of the genetic parts and the
challenges of cloning large DNA constructs.
As demonstrated in numerous other bacteria, standard and

annotated genetic parts for S. aureus could enable easier and
more efficient ways to engineer synthetic constructs. However,
only few prior studies have implemented17,18 or characterized
such parts,18,19 with none using a standard unit of measure-
ment. Genetic part libraries have been created for various other
microorganisms, such as Escherichia coli20−22 and many other
Gram-negative bacteria,23−25 cyanobacteria,26,27 and the model
Gram-positive bacterium Bacillus subtilis.28,29 Of note, genetic
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parts developed for Gram-positive bacteria have largely lagged
behind those developed for Gram-negative bacteria. Large
toolboxes of characterized genetic parts have greatly facilitated
research and industrial applications in these microorganisms
through the rational design of synthetic genetic constructs and
the ability to fine-tune gene expression. Furthermore, standard
DNA part toolboxes can allow researchers to build libraries of
synthetic constructs with varying expression levels or large
synthetic networks comprising many genes.20,21,30 Creating
large constructs using libraries of genetic parts with diverse
sequences also decreases the risk of homologous recombina-
tion that could disrupt their function. Many physical sets of
genetic parts20,21,27 have been developed that can be directly
used in one-pot Type IIS DNA assembly reactions31−33 to
quickly build synthetic multipart DNA constructs relative to
traditional cloning methods, promoting the use of these
toolboxes for synthetic biology applications.
In this study, we report a toolbox of standardized genetic

parts for S. aureus (Figure 1), which is the first to date, to our
knowledge. The genetic part plasmids incorporate orthogonal
linker sequences for efficient Type IIS DNA assembly of
synthetic constructs and easy exchange of different genetic
parts to tune gene expression. Inspired by standards used in
other bacteria,28,34,35 we establish a standard relative
expression unit (REU) for S. aureus using a whole plasmid
reference, allowing standardized measurements of our genetic
parts and direct comparison of gene expression under different
conditions. Here, we characterize a variety of constitutive
promoters, ribosome binding sites (RBSs), terminators, and
plasmid replicons by using flow cytometry. The library of
constitutive promoters shows a 380-fold range in activity and
an average 1.35-fold difference in activity between the nearest

promoters in strength, allowing for the fine-tuning of
transcriptional expression of genes in synthetic constructs for
S. aureus. Using these data, we uncover DNA sequence
enrichment patterns for constitutive promoters of different
strengths in S. aureus. Additionally, we reveal a high
transferability of our constitutive promoter library between S.
aureus and B. subtilis, observing a strong correlation between
the promoter activity between these species. Thirteen RBSs
derived from B. subtilis and a thermodynamic model36−39 were
characterized and demonstrated an 87.7-fold measurable range
in expression, illustrating synthetic translational control of gene
expression in S. aureus. Five Rho-independent terminators
were measured and provided up to 95.3% reduction in gene
expression for strong transcriptional insulation. Three plasmid
replicons were assayed and displayed different characteristics
for altering the gene expression. We demonstrate the
application of our toolbox for rationally engineering synthetic
DNA constructs in S. aureus by designing a tetracycline sensor
for this bacterium. We created a tetracycline sensor using the
PXyl‑TetO inducible promoter that displays low basal expression
and 25.8-fold induction. Using this toolbox for S. aureus,
researchers will be able to rationally design and build synthetic
constructs for this nonmodel bacterium to investigate the
function of native genes, express heterologous genes, and
further develop synthetic biology tools.

■ RESULTS AND DISCUSSION
Design and Characterization of an S. aureus Genetic

Toolbox. We aimed to create a standard genetic parts toolbox
for S. aureus that would facilitate the efficient assembly of
multipart synthetic DNA constructs. Thus, we first created a
hierarchical Type IIS DNA assembly strategy for our physical

Figure 1. Overview of the Staphylococcus aureus genetic toolbox. (Left) Constitutive promoters, ribosome binding sites (RBSs), terminators, and
plasmid replicons were characterized in standard relative expression units (REU) on plasmids in S. aureus to create the genetic parts toolbox. All
parts were assayed using flow cytometry. (Right) These characterized parts can be used to rationally design the expression of synthetic genetic
constructs in S. aureus for sensor engineering. The expression of the transcription factor (TF) of a sensor can be tuned using parts from the genetic
toolbox and an iterative design-build-test-learn (DBTL) cycle to alter the expression of a gene of interest (GOI).
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S. aureus toolbox. We designed a set of 4-nucleotide orthogonal
linker sequences30 to assemble each type of the genetic part in
the appropriate order (Table S1 and SI Extended Methods)
and ensured all parts in this study did not contain a BbsI
recognition site that would interfere with DNA assembly. An
additional set of 3-nucleotide orthogonal linker sequences for
the SapI restriction enzyme was created for the hierarchical
assembly of entire transcription units into one of two
destination vectors (pSR1000 and pSR1002). Transcription
unit constructs were assembled on an intermediate plasmid
using BbsI before subsequent assembly onto the destination
vector using SapI.
We next established a relative expression unit (REU) in S.

aureus using a reference plasmid (pCM2915) to standardize the
measurement of each genetic part’s activity. We chose this
previously constructed plasmid as the reference due to its high
constitutive expression of sfGFP and use in many other
studies.5,18,40 Specifically, pCM29 contains an sfgfp gene under
high constitutive expression from the native upstream
regulatory elements (i.e., promoter and RBS) of the sarA
locus from S. aureus. Using this plasmid reference, arbitrary
fluorescence units can be converted to REU relative to the
fluorescence of pCM29, whose fluorescence we define as 1
REU (Methods). This reference standard is used to improve
consistency in measurements between experiments under
different conditions, such as dates, equipment, or laboratories,
and facilitate the characterization of additional S. aureus genetic
parts from other laboratories.34,35 Each genetic part’s activity
was measured in REU using sfGFP output and flow cytometry
analysis.

Constitutive Promoters from Gram-Positive Bacteria
Show a Large Range in Activity and Transferability. We
characterized 24 constitutive promoters in S. aureus, to control
gene expression at the level of transcription. Several libraries of
native gene promoter fragments have been characterized
previously in S. aureus,41,42 but these genetic parts have used
large DNA fragments (>100 base pairs (bp)) that contain both
a promoter and putative RBS. Thus, we aimed to characterize
short promoters (<65 bp) to minimize the inclusion of
unknown regulatory elements and for easier cloning of
synthetic constructs. We chose 6 promoters from S. aureus
used in previous studies43−47 that include annotated promoter
elements and no annotated transcription factor binding sites.
Because few annotated S. aureus promoters are reported in the
literature, we selected additional characterized constitutive
promoters originating from B. subtilis, a well-studied Gram-
positive bacterium with larger libraries of genetic parts. We
chose 18 B. subtilis promoters from either genetic parts
toolboxes28,29,48 or studies with annotated promoter sequen-
ces.49−55 We predicted that these constitutive promoters
would function in S. aureus as other promoters originating
from B. subtilis are functional in S. aureus,19 and the two Gram-
positive bacteria contain sigma A factors with significant
homology between their protein sequences.56 To measure the
activity of each constitutive promoter in the library, the
promoter upstream of sfgfp was replaced with the correspond-
ing promoter part on the pCM29 plasmid backbone containing
the pC194 replicon (Figure 2A).
In total, 23 constitutive promoters were assayed on pCM29

and spanned an activity range of 380-fold, with an average

Figure 2. Constitutive promoter characterization in S. aureus ATCC 12600. (A) Different constitutive promoters originating from B. subtilis (blue)
and S. aureus (orange) were inserted upstream of the RBS of sfgfp on a plasmid backbone containing the pC194 replicon. Single-cell fluorescence
was measured by using flow cytometry and converted to relative expression units (REU) to determine promoter activity. Gray dashed lines indicate
the REU breaks for each subset of promoters. (B−D) Information content sequence logos for (B) all, (C) strong, and (D) weak constitutive
promoters were created from MAFFT alignments of trimmed promoter sequences (SI File 1) using the Python module Logomaker.57 Locations of
the −35, −16, and −10 constitutive promoter regions are indicated by gray highlights. All flow cytometry data are the average of three identical
experiments performed on separate days (n ≥ 4000 gated events per sample), with error bars showing 1 sample standard deviation above and below
the mean.
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1.35-fold change in activity between promoters of the nearest
strength (Figure 2A). One additional constitutive promoter
(PVeg) was characterized on a lower copy number plasmid
replicon (LAC-p01, Figure S1) due to an inability to transform
the synthetic construct on the pC194 replicon into S. aureus
(Supplemental Note 1). The promoters originating from B.
subtilis and S. aureus spanned nearly the same range of activity
in S. aureus (273-fold and 260-fold, respectively), demonstrat-
ing a high range of activity of the B. subtilis promoters in S.
aureus. Constitutive promoters were also characterized with the
ribozyme RiboJ between the promoter and RBS (Figure S2) to
insulate the measured promoter activity from the effects of
each promoter’s RNA leader sequence, an important
consideration in the design of many synthetic constructs
such as genetic circuits.58 RiboJ cleaves the RNA at a defined
location, removing the upstream transcription start site
sequence and leaving a constant sequence upstream of the
RBS in the resulting mRNA transcript.58 The results showed a
strong linear correlation (R2 = 0.96, Pearson’s coefficient r =
0.94) between the promoter activity measured with and
without RiboJ (Figure S2).
Next, we investigated whether the characterized promoters

showed different sequence enrichment patterns, depending on
their relative strengths. Consensus sequences for native S.
aureus constitutive promoters have not been investigated, so
we used the constitutive promoter consensus sequences from
B. subtilis49 (TTGACA, TRTG, and TATAAT for the −35,
−16, and −10 regions, respectively) to evaluate the motifs
from our constitutive promoter library. Using the MAFFT
software,59 we aligned the annotated or putative −35 and −10
sequences of the 23 constitutive promoters characterized on
the pC194 replicon (Methods). The promoters were divided
into subsets of strong (REU > 0.5, n = 7), intermediate (0.03
≤ REU ≤ 0.5, n = 10), and weak (REU < 0.03, n = 6) strength,
as indicated in Figure 2A. Information content sequence logos
of the resulting alignments for all promoters and each subset
showed different enrichment patterns of the major promoter
regions (Figures 2 and S3).
As displayed in Figure 2B, the alignment of all characterized

constitutive promoters showed the same −10 region consensus
sequence as that for B. subtilis constitutive promoters
(TATAAT) and slightly differing −35 and −16 sequences
(TTGATT and TNTG, respectively, for our promoter library).
This baseline sequence enrichment pattern provided a
comparison for each promoter subset, but it is not necessarily
indicative of enrichment patterns for natural S. aureus
constitutive promoters since most characterized promoters in
this study originated from B. subtilis. Interestingly, the
strongest promoters we characterized in S. aureus showed the
greatest enrichment of a different set of −35 and −10 region
sequences than that of all characterized promoters but a similar
−16 sequence (Figure 2C). This observation suggests that the
strongest constitutive promoters in S. aureus may not
necessarily contain all three promoter region consensus
sequences, similar to previous findings in B. subtilis promoter
engineering studies.60,61 Alternatively, the weakest promoters
showed relatively weak enrichment of −35 and −16 sequences
that do not match those of the baseline but stronger
enrichment of a −10 region that matches the baseline (Figure
2D). Promoters of intermediate strength showed an enrich-
ment pattern that appeared to be a mixture of strong and weak
promoters. Specifically, this pattern had much greater enrich-
ment of a canonical TATAAT −10 motif compared to the

strong promoters and also greater enrichment of a non-
canonical −35 region compared to the weak promoters (Figure
S3). Overall, the different enrichment patterns for our
promoter subsets suggest complex interactions between
promoter regions that control the activity of constitutive
promoters in S. aureus.
Different sequence enrichment patterns were also seen when

the promoters are grouped by species and strength (Figure
S3). Constitutive promoters originating from B. subtilis showed
enrichment similar to those observed for all promoters, likely
because most promoters in our set originated from this
bacterium. The S. aureus promoters, however, demonstrated
slightly different enrichment sequences for each promoter
region for both the strong/intermediate and weak promoters,
especially in the sequence −16 sequence. This may suggest
that promoters from S. aureus contain different native
consensus sequences compared to those from B. subtilis,
although S. aureus transcription machinery remains able to
recognize B. subtilis promoter sequences (Figure 2A).
However, a more thorough investigation of the native S.
aureus constitutive promoter structure and sequences is
required due to the very small number of native S. aureus
promoters (n = 6) characterized in this study.
We compared the activities of the 24 constitutive promoters

in S. aureus and B. subtilis to determine their transferability
between these Gram-positive bacteria. We placed a constitutive
promoter from the library upstream of gfp with the genetic
insulator RiboJ (Figure S4), then integrated this synthetic
construct at the amyE site on the genome of B. subtilis 168.
The resulting promoter activity was measured using flow
cytometry in relative promoter units (RPU) relative to a
fluorescent reference construct (PFtsH, RiboJ, RBS, gfp, and
L3S2P21 terminator) integrated at the amyE site in B. subtilis
for insulated expression of GFP (Methods). Excluding an
outlier promoter (PSodA1) that showed low fluorescence near
the autofluorescence of the wildtype strain, the promoter
activities measured in B. subtilis extended a range of 122-fold,
with an average 1.26-fold change in activity between adjacent
promoters of descending strength (Figure S4). This activity
range was lower than that measured in S. aureus (380-fold) but
with a comparable fold-change difference between promoters
of the nearest strength (1.35-fold in S. aureus). Despite the
difference in activity ranges, the promoter activities showed a
strong linear correlation between the two species (Figure 3, R2
= 0.894, r = 0.946), demonstrating high transferability of these
constitutive promoter parts between similar Gram-positive
species. Additionally, this suggests that other promoters
characterized in B. subtilis may function similarly in S. aureus,
providing a rich source of additional genetic parts for this
bacterium.
Ribosome Binding Sites from Bacillus subtilis Allow

Tunable Gene Expression in S. aureus. We assayed 13
RBSs in S. aureus, a common genetic element used to tune
gene expression at the level of translation. Like constitutive
promoters, few S. aureus RBS sequences have been reported in
the literature,18,43 and only one small set has been
characterized.18 This set of S. aureus RBSs exceeded 100
nucleotides from the promoter transcription start site, longer
than RBSs typically used in synthetic biology. Ribosomes from
Gram-positive bacteria have been shown to recognize RBSs
from other Gram-positive species,43 and the anti-Shine-
Dalgarno sequences located at the 3′ region of the 16S
rRNA genes from S. aureus and B. subtilis are identical (Figure
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S5). Therefore, we chose a set of short (<25 bp), well-
characterized RBSs from B. subtilis28 to characterize in S.
aureus. We also created mutated versions of these natural RBSs
via point mutations in the Shine-Dalgarno sequence and
designed synthetic RBSs using a thermodynamic model (RBS
Calculator)36−39 to increase the number of RBSs. To measure

the expression level of our RBS set, a constitutive promoter
(moderately strong PCap or strong PSarA1) and each RBS were
inserted in front of sfgfp on a plasmid backbone containing the
pC194 replicon (Figures 4A and S6A). Two constitutive
promoters of different strengths were used to assay the RBSs to
determine whether the promoter strength affected the
measured RBS expression levels. We also assayed gene
expression levels with the ribozyme RiboJ between the
promoter and RBS to investigate the effect of RiboJ on RBS
strength and insulate the RBS sequence from different
promoter sequences (Figures 4B and S6B). We defined active
RBSs in these data sets as those with expression levels greater
than the measured activity of sfGFP on the same plasmid
backbone without a constitutive promoter (0.00228 REU,
Figure 2A). Note that some RBSs in combination with the
PSarA1 promoter could not be assayed due to an inability to
obtain S. aureus transformants after three electroporation
attempts (Supplemental Note 1).
The active RBSs with PCap and without RiboJ spanned an

87.7-fold range in gene expression with a 2.4-fold average
change for the nearest strength RBSs (Figure 4A). For
comparison, active RBSs controlled by PSarA1 spanned only a
22.3-fold range in gene expression but had a similar average
fold-change in activity (2.4-fold, Figure S6A). When RiboJ was
included, the total range in gene expression for active RBSs
with PCap decreased to 25.8-fold, and the average fold-change
decreased to 1.6-fold for nearest strength RBSs (Figure 4B).
Similarly, the active RBSs showed a lower range in the gene
expression (13.5-fold) and a slightly smaller average fold-
change in activity (1.6-fold) with PSarA1 and RiboJ compared to
that without RiboJ (Figure S6B). As expected, the output was
generally greater when expressed from the stronger PSarA1
promoter compared to the PCap promoter with and without
RiboJ in the construct (4.0-fold with RiboJ and 5.6-fold
without RiboJ, Figure S7), which is consistent with the
measured promoter activity during promoter characterization

Figure 3. Comparison of constitutive promoter strengths between S.
aureus and B. subtilis. The activities of constitutive promoters
originating from S. aureus (orange) and B. subtilis (blue) from the
promoter library in Figure 2A were measured using flow cytometry
and converted to relative expression units (REU) in S. aureus and
relative promoter units (RPU) in B. subtilis. PSodA1 was removed due
to no significant activity in B. subtilis. Linear regression was performed
on the log10 transformed data, and the resulting Pearson coefficient
(r) is shown. All flow cytometry data are the average of three identical
experiments performed on separate days (n ≥ 4000 gated events per
sample), with error bars showing 1 sample standard deviation above
and below the mean.

Figure 4. Ribosome binding site (RBS) characterization in S. aureus ATCC 12600. The moderately strong constitutive promoter PCap and different
RBSs (A) without or (B) with the genetic insulator RiboJ were inserted upstream of sfgfp on a plasmid backbone containing the pC194 replicon.
Single-cell fluorescence was measured using flow cytometry and converted to relative expression units (REU) to determine RBS expression. (C)
Expression level for each RBS without RiboJ is plotted against the expression level with RiboJ. The gray solid line shows the 1:1 relationship (y = x)
for comparison. The light gray dashed lines in all plots indicate the minimum expression level we defined for an active RBS (0.00228 REU). All
flow cytometry data are the average of three identical experiments performed on separate days (n ≥ 4000 gated events per sample), with error bars
showing 1 sample standard deviation above and below the mean.
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(4.4-fold, Figure 2A). Most RBSs showed higher expression
levels with RiboJ (Figures 4C and S6C), indicating the
importance of the upstream untranslated region (UTR) on the
gene expression for a given RBS in S. aureus and following what
has been reported in E. coli.62 Despite this, gene expression
with and without RiboJ for these RBSs showed a moderate to
strong correlation for their rank order (Spearman’s coefficient,
ρ = 0.830 with PCap and ρ = 0.771 with PSarA1, Figure S8),
demonstrating that the relative activities of these RBSs are
consistent with and without RiboJ for both promoters. The
presence of RiboJ also increased the linear correlation in gene
expression between the two constitutive promoters for the
active RBSs (r = 0.784 without RiboJ to r = 0.874 with RiboJ,
Figure S7). This suggests that RiboJ insulates the RBS strength
from the effects of the upstream 5′ UTR sequence and may be
beneficial for finely tuning gene expression in S. aureus when
substituting promoter parts. Overall, these characterization
data demonstrated effective tuning of gene expression through
translational control by swapping the RBS, both with and
without the ribozyme RiboJ. Additionally, these results
demonstrated that B. subtilis RBSs can be functional in S.
aureus, which can be a source of additional RBS sequences in
future work.
Rho-Independent Terminators Provide Strong Re-

duction in Gene Expression. Next, we characterized
terminator genetic parts in S. aureus to control termination
of transcription, which provides transcriptional insulation and
prevents readthrough in DNA constructs. Five short
terminators (<65 nucleotides) were chosen from a collection
of synthetic and natural terminators of varying strength that
have been thoroughly characterized in Gram-negative E. coli.63

Rho-independent terminators were selected here because they
terminate expression via secondary structures in the mRNA,
and thus, were expected to function with greater independence
of the host organism than Rho-dependent terminators. To
assay activity, the terminator was placed between constitutive
promoter PCap and genetic insulator RiboJ upstream of sfgfp on
a plasmid backbone containing the pC194 replicon (Figure 5).
Terminator activity was calculated as the ratio of the
fluorescence of this synthetic construct and the fluorescence
of the same construct without the upstream terminator. We
chose this approach to measure terminator activity as opposed
to another method commonly used for terminator character-
ization in E. coli (Chen et al.63 and Cambray et al.64) requiring
two fluorescent protein reporters so that we could use the one
fluorescent reporter protein in S. aureus with standardized units
established in this toolbox.
All five terminators significantly reduced gene expression,

with four of the five terminators reducing expression by over
90% (maximum 95.3% reduction with L3S2P11) and the
weakest terminator (ECK120051401) reducing expression by
49.9% (Figures 5 and S9). Additionally, these five terminators
preserved the same order of terminator strengths (ρ = 1.0) in
S. aureus as in E. coli,63 suggesting transferability of Rho-
independent terminators between distant bacterial species.
Overall, these results demonstrate that Rho-independent
terminators characterized in E. coli can function effectively in
S. aureus with similar relative strengths, which can provide an
abundant source of terminators for this bacterium.
Different Plasmid Replicons Can Strongly Affect

Gene Expression. Lastly, we characterized three plasmid
backbones for S. aureus with different replicons. These
replicons initiate rolling circle DNA replication and were

chosen based on their use in prior studies and reported
stability.15,16,65 The pCM2915 plasmid backbone used to
characterize genetic parts here harbors the pC194 replicon and
is reported to have a copy number of about 15 molecules per
cell.66 The pSR1000 plasmid backbone contains the pT181
replicon, which is reported to have a slightly higher copy
number of approximately 20−25 molecules per cell.16 Finally,
the pSR1002 plasmid backbone contains the LAC-p01 replicon
that has been shown to exhibit high stability over 100
generations and to be maintained at a copy number of about
5−10 molecules per cell.65 To measure the activity of synthetic
constructs in the genetic contexts of the pT181 and LAC-p01
plasmid replicons, we placed sfgfp genes expressed from five
constitutive S. aureus promoters of varying strengths from our
library on the plasmid backbones containing these replicons
(Figure 6). These constitutive promoters were chosen to
investigate if the relative expression between plasmid replicons
was consistent with their expected copy numbers at different
expression levels. To compare the data, the relative activities
for each promoter were calculated relative to the average
activity of the corresponding promoter construct on the
backbone with the pC194 replicon.
The measured relative gene activities showed different

expression patterns depending on the plasmid replicon
(Figures 6 and S10). The pC194 and LAC-p01 plasmid
replicons provided consistently higher and lower relative gene
activities between the different constitutive promoters,

Figure 5. Terminator characterization in S. aureus ATCC 12600. Five
Rho-independent terminators63 were inserted between the moder-
ately strong constitutive promoter PCap and genetic insulator RiboJ
upstream of sfgfp on a plasmid backbone containing the pC194
replicon. Single-cell fluorescence was measured by using flow
cytometry and converted to relative expression units (REU) to
determine the resulting gene activity. Reduction in expression was
calculated relative to the activity of the same synthetic construct
without a terminator upstream of sfgfp. All flow cytometry data are
the average of three identical experiments performed on separate days
(n ≥ 4000 gated events per sample), with error bars showing 1 sample
standard deviation above and below the mean.
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respectively, unlike the pT181 replicon, which showed both
lower and higher relative activities depending on the promoter
tested. At the same time, both the pT181 and LAC-p01
replicons demonstrated more consistent relative activity
measurements (i.e., smaller standard deviations) compared to
the pC194 replicon for most promoters. When comparing
relative activities for all synthetic constructs between plasmid
replicons, only LAC-p01 showed significantly lower activity
compared to the activities from the other two plasmid
replicons (p ≤ 0.05 for both, Figure 6). In contrast, the
pC194 and pT181 replicons showed no statistical difference
from this analysis. In this experiment, the relative expression
levels for the pC194 and LAC-p01 replicons were generally
consistent with their copy numbers as reported in the
literature,15,65 while the pT181 replicon showed greater
variability and lower expression than expected based on its
reported copy number.16 We also measured the plasmid copy
number by quantitative PCR for the subset of plasmids
expressing sfGFP with PSarA1 (strong) or PHla (weak)
promoters for all three replicons (SI Extended Methods,
Figure S11). Interestingly, the measured copy number for the
plasmids with the LAC-p01 replicon (36 ± 4 and 13 ± 3
copies per chromosome, respectively) and pC194 replicon (60

± 40 and 25 ± 3 copies per chromosome, respectively) were
greater than those previously reported,15,65 while the measured
copy number of the pT181 replicon (25 ± 3 and 9 ± 2 copies
per chromosome, respectively) is in agreement with previous
work.16 However, only pT181 had a significantly lower
measured copy number than did pC194 (p ≤ 0.05, Figure
S11), and very high variability was observed for the samples
with the pC194 replicon and PSarA1 promoter in this
experiment. Altogether, our results demonstrate that the
expression of synthetic constructs in S. aureus depends on
the choice of plasmid replicon, which is an important
consideration for genetic design.

S. aureus Genetic Parts Toolbox Can Be Used To
Create and Rationally Tune Sensors. With this set of
characterized genetic parts, we next sought to demonstrate the
use of our toolbox to rationally design synthetic constructs of
genetically encoded sensors in S. aureus. These small molecule
sensors were encoded using inducible promoters and tran-
scription factor proteins, which allosterically regulate the
promoter activity via exogenous addition of the inducer. The
transcriptional response of these sensors can be tuned by
varying the expression of the allosteric transcription factor.67,68

PXyl‑TetO has been previously used in S. aureus as a tetracycline
or anhydrotetracycline (aTc) sensor using the TetR repress-
or.19,69,70 This hybrid inducible promoter is composed of the
PXyl promoter from B. subtilis with the consensus −35 and −10
promoter sequences for B. subtilis and the tet operator
sequence from E. coli inserted between the −35 and −10
regions.69 However, this sensor has shown high basal
expression19 and low dynamic range (<20-fold)70,71 in S.
aureus. Therefore, we aimed to tune the sensor’s response by
changing the constitutive promoter and RBS expressing tetR
(Figure 7A), with the goal of increasing the sensor’s dynamic
range while maintaining low basal expression. Each sensor
design’s response was experimentally assayed by adding aTc to
the growth media and measuring the resulting cell fluorescence
via sfGFP. We used an iterative design-build-test-learn cycle to
modify the sensor design based on the previous designs’
characteristics.
Three active tetracycline sensor designs were characterized

to increase the dynamic range of the sensor while keeping basal
expression and cellular toxicity low in the final design (Figure 7
and Table S2). The first design (v1), constructed on a plasmid
containing the pC194 replicon, showed 18.3-fold induction
with basal and maximal expressions of 0.0044 and 0.080 REU,
respectively (Figure 7). However, significant growth toxicity
was observed during the assay, and the specific growth rate
quantified by growth assays was significantly lower than that of
the wildtype (Figures S12 and S13 and Table S3), suggesting
that TetR was expressed too highly. Additionally, bimodal
distributions in cell fluorescence were observed by flow
cytometry (Figure 7C). Therefore, we devised more sensor
designs using genetic parts with weaker activities, including the
low copy number LAC-p01 replicon. Initially, a sensor design
was constructed and characterized that showed constitutively
high expression even with the addition of aTc (Figure S14 and
Table S3), suggesting that TetR was not expressed enough.
Thus, stronger constitutive promoters and RBSs were
incorporated in additional sensor designs in later iterative
design cycles. The second active tetracycline sensor design
(v2) was constructed in the next iteration and displayed only
4.5-fold induction and an activity range from 0.019 to 0.084
REU (Figure 7). Although no significant cellular toxicity was

Figure 6. Plasmid replicon characterization in S. aureus ATCC 12600.
Synthetic sfgfp genes with different S. aureus constitutive promoters of
varying strengths were inserted onto plasmid backbones with different
replicons. The resulting activity of each constitutive promoter was
measured by using flow cytometry relative to the mean activity of the
corresponding promoter characterized on the plasmid backbone
containing the pC194 replicon. Asterisks indicate the results of a one-
way nested ANOVA (plasmid replicon nested inside promoter) with
Tukey posthoc analysis (ns: not significant, *: p ≤ 0.05, **: p ≤ 0.01).
The adjusted p-values for the Tukey posthoc analysis are 0.999, 0.008,
and 0.008 for the pC194/pT181, pC194/LAC-p01, and pT181/LAC-
p01 pairs, respectively. All flow cytometry data are the average of
three identical experiments performed on separate days (n ≥ 4000
gated events per sample), with error bars showing 1 sample standard
deviation above and below the mean.
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observed during the experimental assay, the dynamic range of
tetracycline sensor v2 was greatly reduced compared to that of
v1. Thus, we constructed and characterized a third design (v3),
which displayed 25.8-fold induction spanning from 0.0047
REU and 0.12 REU without significant growth toxicity
compared to the wild-type strain (Figure S12 and Table S3).
Additionally, histograms of cell fluorescence for the tetracy-

cline sensor v3 design showed a unimodal distribution (Figure
7C). The v3 tetracycline sensor design showed greater or
comparable induction to previous tetracycline sensors
characterized in S. aureus,69−71 although basal and maximal
expression levels cannot be directly compared due to different
assays and experimental conditions. Attempts were made to
engineer an isopropyl β-D-1-thiogalactopyranoside (IPTG)

Figure 7. Rational design and tuning of a tetracycline sensor in S. aureus ATCC 12600. (A) Different designs of a tetracycline sensor using the
PXyl‑TetO inducible promoter were designed and built using genetic parts characterized in the toolbox (gray parts) to tune the expression of the
transcription factor TetR. The sfgfp gene was expressed from PXyl‑TetO to assess promoter activity. The response of each sensor design was
quantified by titrating anhydrotetracycline (aTc), measuring single-cell fluorescence using flow cytometry (n ≥ 4000 cell events per sample), and
converting the fluorescence to relative expression units (REU) to determine promoter activity. Identical experiments were performed on 3 different
days. The mean ±1 standard deviation is plotted. The response function (line) for each tetracycline sensor design was determined by fitting the
experimental data to the Hill equation (Methods). (B) Genetic schematics depicting the genetic parts used for each tetracycline sensor design are
shown. (C) Representative normalized histograms of cell fluorescence in arbitrary units (au) are given for the tetracycline sensors v1 and v3 with
different concentrations of aTc.

Figure 8.Maximum contiguous homology of the genetic parts in the toolbox with each other and the S. aureus ATCC 12600 genome. A total of 25
promoter, 13 RBS, and 5 terminator parts in the S. aureus toolbox (all parts except for the plasmid replicons and the PSpac promoters) were BLAST-
aligned against (A) each other and (B) the ATCC 12600 genome using options for short sequence alignments (SI Extended Methods). The
maximum lengths of the alignments without mismatches in base pairs (bp) from the BLAST results were binned in 7 bp increments (inclusive of
the lower increment) for display in histograms. The bin size was chosen as the minimum length of alignment detected by using BLAST. Histograms
for the BLAST alignments with mismatches are given in Figure S17.
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sensor containing the PSpac promoter using promoter engineer-
ing and the same approach used for the tetracycline sensor, but
no designed sensor showed greater than 3-fold induction
(Supplemental Note 2, Figures S15 and S16). Altogether, the
design and characterization of tetracycline sensor v3 through
our iterative approach demonstrate the use of the genetic parts
toolbox to tune a genetically encoded sensor in S. aureus.
Genetic Parts Share Little Homology with Each Other

and the S. aureus Genome. Homologous recombination
between repetitive DNA sequences in the parts or host
genome can lead to the failure of synthetic constructs.72 For
example, this can occur at low rates with as little as 23 base
pairs of homology in E. coli, with increasing rates of
recombination for greater lengths of homology and signifi-
cantly decreasing rates by the inclusion of mismatches.73

Therefore, to investigate the homology of our genetic parts in
S. aureus, we aligned the sequences of all parts except the
plasmid replicons and the PSpac promoters to each other and
the S. aureus ATCC 12600 genome using BLAST optimized
for aligning short, repetitive sequences (SI Extended
Methods). We then grouped the results into alignments
without mismatches (contiguous homology, Figure 8) and
alignments with mismatches (noncontiguous homology, Figure
S17). The maximum alignment length with and without
mismatches for all aligned parts is listed in SI File 1.
Histograms of each BLAST alignment without and with

mismatches indicated that most parts share little homology
with others in the toolbox and with the S. aureus ATCC 12600
genome (Figures 8 and S17). Most parts in the genetic toolbox
(91%) showed fewer than 14 bp of continuous homology with
each other (Figure 8A). In comparison, the parts showed
greater contiguous homology against the ATCC 12600
genome, as only 30% of parts have fewer than 14 bp of
homology (Figure 8B). However, 93% of aligned parts have
less than 23 bp of contiguous homology with the genome, and
all having less than 50 bp of homology. The parts with the
greatest homology to the ATCC 12600 genome included four
constitutive promoters originating from S. aureus (PSarA1, PSarA2,
PSodA1, and PHla). When considering mismatches in the BLAST
alignments against each part, most parts displayed less than or
similar noncontiguous homology to contiguous homology
(Figure S17A), except for the pairs of the natural and mutated
B. subtilis RBSs. Conversely, many parts showed greater
noncontiguous homology against the ATCC 12600 genome,
especially the constitutive promoters (Figure S17B). Overall,
these BLAST alignment results demonstrate that 91% of the
genetic parts in our toolbox share less than 30 bp of contiguous
and noncontiguous homology with other parts and the S.
aureus ATCC 12600 genome.

■ DISCUSSION
We have developed the first standardized genetic parts toolbox
for S. aureus, including 24 constitutive promoters, 13 RBSs, 5
Rho-independent terminators, and 3 plasmid replicons. Our
library of constitutive promoters showed 380-fold range of
activity, notably much greater than a recent report of 20
constitutive promoters with high expression characterized in S.
aureus (36-fold range).42 Our promoters are also shorter than
those from this previous library, which contains promoter parts
of similar sizes to those traditionally used in this bacterium
(Figure S18). Compared to genetic part toolboxes for B.
subtilis, the activity range of our promoter set is similar to that
of promoter libraries assayed in this model organism that

showed 70.7-fold to 857-fold ranges in activity.28 In addition,
our RBS library showed a greater activity range (87.7-fold
without RiboJ) than a previous set of RBSs measured in S.
aureus (about 3-fold)18 while also using shorter UTR
sequences. The RBS library in our toolbox showed activity
within an order of magnitude of RBS libraries measured in B.
subtilis (11.5-fold to 313-fold).28 Finally, we measured the
effect of different terminators and plasmid replicons on gene
expression in S. aureus. Altogether, our genetic toolbox
contains a variety of genetic parts with ranges of strengths
larger than those previously assayed in S. aureus and
comparable to many established in B. subtilis, providing a
strong foundation for the development of synthetic constructs
in S. aureus.
By establishing the standard REU measurement and assaying

a variety of parts in the REU, additional genetic parts can be
added to the toolbox. These parts could be chosen and
measured individually, such as in this work, or created and
screened using high-throughput techniques from synthetic
biology. For example, saturation or random mutagenesis could
be performed on genetic parts in the toolbox, then combined
with a high-throughput screening technique (i.e., sort-seq) to
create larger part libraries for S. aureus. Furthermore, computer
models and designs have also been established to aid in the
design of fully synthetic genetic parts,36,74,75 which may be
used to create genetic parts with greater sequence variation
than other synthetic biology techniques. These methods to
create or expand genetic parts libraries have been applied in
other bacteria, including E. coli74−77 and B. subtilis28 as well as
some nonmodel bacteria such as Corynebacterium glutami-
cum.78

We revealed that many genetic parts are transferable to S.
aureus from different bacterial species. While several promoter
parts originating from B. subtilis are functional in S. aureus
(such as PXyl‑TetO

79 and PSpac
80), studies have not compared

relative strengths of constitutive promoters between these two
species. Interestingly, our constitutive promoter library showed
high transferability between these related Gram-positive
bacteria, despite assaying the parts in different genetic contexts
(i.e., plasmid-based for S. aureus and chromosomally integrated
for B. subtilis). Notably, five of the six constitutive promoters
from S. aureus had significant activity in B. subtilis, with the
promoter that had nonsignificant activity (PSodA1) in B. subtilis
showing very low activity in S. aureus. This transferability of
promoters may be due to similarities of the sigma A factors
between S. aureus and B. subtilis.56 Additionally, the natural
RBSs originating from B. subtilis (R0, R1, R2, and R4) were
functional in S. aureus. The transferability of these promoters
and RBSs between B. subtilis and S. aureus is noteworthy
considering the different genomic GC contents of these
bacteria (44% and 33%, respectively). Interestingly, a previous
study investigated the transferability of natural promoters and
RBSs originating from a variety of bacteria between E. coli, B.
subtilis, and Pseudomonas putida, uncovering that many
regulatory regions were species-specific, some universal, and
others functional only in closely related species (i.e., E. coli and
P. putida).81 Rho-independent terminators originating from
Gram-negative E. coli were also transferable to S. aureus, and all
five characterized terminators showed the same order of
terminator strengths between the species. To the best of our
knowledge, this is the first report demonstrating the character-
ization of terminators from Gram-negative bacteria in S. aureus.
The transferability of these heterologous promoters, RBSs, and
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terminators to S. aureus not only provides additional potential
sources of genetic parts for this nonmodel bacteria but also
may inspire further investigation of the transferability of
specific genetic parts between Gram-positive and more diverse
bacteria.
The genetic parts in our toolbox were assayed on multicopy

plasmids for easier construction of synthetic designs, faster
characterization, and detection of weak genetic parts that may
not be measurable when expressed from the chromosome. The
use of plasmid-based gene expression could come at the cost of
greater metabolic burden to the cells, yet only one of eight
different plasmid constructs assayed showed significantly lower
(p < 0.05) growth rate compared to the wild type in growth
assays (Figure S12 and Table S3). However, we were unable to
transform S. aureus with some of the RBS characterization
plasmids that included the strong constitutive promoter PSarA1,
possibly due to the higher copy number of the pC194 replicon
causing an increased metabolic burden (Supplemental Note 1).
Integration on the chromosome can be used to reduce the
copy number and, thus, the metabolic burden of a synthetic
construct. However, methods to integrate synthetic DNA
constructs onto the genome in S. aureus are generally time-
consuming and have low efficiency.11,82,83 The plasmid
replicons characterized here employ the rolling circle mode
of replication, which can show reduced genetic stability as the
size of the plasmid increases.84 Alternatively, plasmids that use
the theta mode of replication (e.g., pSK170,85 and pSK4170) are
maintained at lower copy numbers and are reported to be
more genetically stable.85,86

We developed our S. aureus genetic parts toolbox using
standard parts and a standardized method, allowing other
researchers to apply and expand the S. aureus toolbox. The
hierarchical Type IIS DNA assembly strategy will facilitate the
design and assembly of custom synthetic plasmids to express
genes of interest in S. aureus for a variety of applications such
as studying putative antibiotic resistance genes or tuning the
expression of genomic tools. Our standardized REU measure-
ment allows other researchers to directly compare and add
parts to the toolbox. Altogether, our toolbox introduces
standard genetic parts for the rational design and efficient
construction of synthetic DNA constructs in S. aureus,
establishing a powerful foundation for synthetic biology
techniques to study the cellular processes of this nonmodel,
pathogenic organism.

■ METHODS
Strains and Plasmids. Staphylococcus aureus ATCC 12600

(BEI resources) was used to characterize all genetic parts.
Bacillus subtilis 168 was used to characterize the constitutive
promoters in this species. All cloning was performed in
Escherichia coli NEB 5-alpha (New England BioLabs, NEB),
NEB 10-beta (NEB), or IM08B.87 All S. aureus plasmid
constructs used to characterize genetic parts were transformed
into strain IM08B, which contains the enzyme methylation
system of ATCC 12600, before transformation into ATCC
12600 for characterization. Plasmid names and descriptions are
listed in Table S4, with additional details in SI File 1. Plasmid
maps of the REU and RPU reference plasmids (pCM29 and
pNH446, respectively) and the S. aureus plasmid backbones
pSR1000 and pSR1002 are given in Figure S19. Representative
maps of the characterization plasmids are shown in Figure S20.
The DNA sequences for each genetic part are listed in Table
S5, with additional information in SI File 1. All DNA primers

and oligomers were synthesized by Integrated DNA Tech-
nologies (IDT) and are listed in Table S6. All genetic parts in
this work are provided in the SBOL format in SI File 2. The
LAC-p01 replicon plasmid without a synthetic insert and select
constitutive promoter characterization plasmids are available
through Addgene.
Media and Reagents. See the SI extended methods for all

media recipes. E. coli and B. subtilis strains were cultured in
Luria−Bertani (LB) broth (Fisher Bioreagents) and on LB
agar plates with antibiotics supplemented as necessary. S.
aureus strains were grown in Tryptic Soy Broth (TSB) and
tryptic soy agar for culturing and SSM9PR minimal media88 for
assaying genetic part activities, with antibiotics supplemented
as necessary. B. subtilis strains were grown in M9 media
supplemented with 20 μg/mL tryptophan for measuring the
activity of the constitutive promoters. For transformations, E.
coli and B. subtilis strains were recovered in Super Optimal
Broth with Catabolite repression (SOC) and S. aureus strains
were recovered in B2 recovery media.89 For culturing E. coli
strains, the following concentrations of antibiotics (all from
GoldBio) were used to maintain plasmids as needed−
ampicillin/carbenicillin, 100 μg/mL; erythromycin, 300 μg/
mL for liquid media or 300−400 μg/mL for solid media;
kanamycin, 50 μg/mL. For culturing S. aureus strains, the
following concentrations of antibiotics were used as needed−
chloramphenicol, 10 μg/mL: erythromycin, 10 μg/mL. For
culturing B. subtilis strains, chloramphenicol was used at 5 μg/
mL as needed. For assaying the response functions of the
genetically encoded sensors, anhydrotetracycline (aTc; Sigma-
Aldrich) and isopropyl β-D-1-thiogalactopyranoside (IPTG;
GoldBio) were used for the tetracycline and IPTG sensors,
respectively.
DNA Construction. Detailed notes on constructing all

plasmids to characterize each type of genetic part are given in
Supplemental Note 3. All cloning was done in E. coli prior to
electroporation into S. aureus ATCC 12600 for measurement.
See the SI Extended Methods for detailed procedures for
cloning techniques. Briefly, all PCRs were performed using Q5
high fidelity polymerase (NEB) according to the manufac-
turer’s protocol for most conditions. Promoters were created
by annealing DNA oligos or were otherwise PCR amplified
from plasmids or B. subtilis 168 genomic DNA. RBSs were
inserted in front of sfgfp via amplification of the plasmid
backbone by adding the RBS to the 5′ end of a primer. All
terminators were created by annealing DNA oligos. DNA
fragments were purified using the GenCatch PCR Purification
Kit according to the manufacturer’s protocol. Plasmid DNA
minipreps were performed using the QIAprep Spin Miniprep
Kit according to the manufacturer’s protocol. All synthetic
plasmids were assembled using Type IIS DNA assemblies with
custom orthogonal linker sequences30 (Table S1). After
assembling and transforming a plasmid into E. coli, colonies
were screened using colony PCR, and then, a single positive
colony was grown overnight and the plasmid DNA purified. All
assembled synthetic genes were verified using Sangar
sequencing (Genewiz, Azenta Life Sciences).
Transformation of E. coli. Chemical transformation was

used to introduce DNA constructs into E. coli strains for
cloning, although some plasmids were introduced using
electroporation for greater efficiency (SI Extended Methods).
For chemical transformation, aliquots of chemically competent
cells (5−50 μL for IM08C, 5 μL for NEB 5-alpha and NEB 10-
beta) were thawed on ice. Chemically competent NEB 5-alpha
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and NEB 10-beta cells were purchased from NEB while
chemically competent IM08B cells were prepared in-house (SI
Extended Methods). DNA was then added to each aliquot at a
ratio of up to 1 μL of DNA assembly reaction mixture per 5 μL
of cells or at least 100 ng of purified plasmid DNA. The cell
mixture was incubated on ice for 30 min before heat shock on
a thermocycler at 42 °C for 30 s, then incubated on ice again
for 2−5 min. SOC recovery media was added to each aliquot at
a ratio of 95 μL of SOC per 5 μL of cells, and the cells were
incubated in a shaking incubator at 37 °C, 250 rpm for 60 min
to recover. The cells were then spread on an LB agar plate with
appropriate antibiotics and incubated overnight at 37 °C.
Electrocompetent Cell Preparation for S. aureus.

Electroporation was used to introduce synthetic plasmids
into S. aureus ATCC 12600. To prepare the cells for
electroporation, a tryptic soy agar plate was streaked with
ATCC 12600 and grown overnight at 37 °C. A single colony
was used to inoculate 1−2 mL of TSB media and grown
overnight in a shaking incubator at 37 °C and 250 rpm. The
overnight culture was used to inoculate 101 mL of fresh TSB
to an OD600 of 0.01 A in a 250 mL Erlenmeyer flask. The cells
were grown at 37 °C and 250 rpm in a shaking incubator to the
exponential phase, defined as an OD600 of 0.45−0.55 A. The
cells were then transferred to 50 mL conical centrifuge tubes
(Falcon or Genesee Scientific) to chill in an ice−water bath for
10 min to slow growth. All subsequent steps were performed
on ice. The conical tubes were centrifuged at 8000 g and 4 °C
for 10 min (Eppendorf Centrifuge 5810 R) to pellet the cells.
The supernatant was removed by decanting, and the cell pellet
gently was resuspended in 50 mL of ice-cold sterile Milli-Q
water. The cell mixture was chilled in the ice−water bath for
3−5 min before centrifugation under the same conditions to
wash the cells. These wash steps (removing the supernatant,
resuspending, chilling, and centrifuging) were performed twice
more, resuspending the cells in 25 mL of ice-cold sterile Milli-
Q water and then 12.5 mL of sterile 10% (v/v) glycerol for
each wash. After the final centrifugation, the cells were gently
resuspended in 500 μL ice-cold sterile 10% glycerol and then
divided into 100 μL aliquots for electroporation immediately
(for the best transformation efficiency) or stored at −70 °C.
Electroporation of S. aureus. To electroporate DNA into

S. aureus, 100 μL aliquots of electrocompetent cells were
thawed on ice, and ≥1000 ng of plasmid DNA extracted from
IM08B was added. Cell mixtures were incubated on ice for 30
min before 100 μL of the cell-DNA mixture was added to
chilled 1 mm electroporation cuvettes (Fisher Scientific) and
electroporated using a MicroPulser Electroporator (Bio-Rad)
at a voltage of 2.1 kV and a time constant of 1.1 ms.90 B2
recovery media (500 μL) prewarmed to 37 °C was
immediately pipetted into the cuvette and used to mix the
cells before transferring to a 1.5 mL microfuge tube. Samples
were incubated for 1 h at 37 °C and 250 rpm in a shaking
incubator to recover. If needed, samples were concentrated
before plating by centrifuging for 5 min at 15,000g and room
temperature, removing some volume supernatant by pipetting,
and resuspending the cells in the remaining supernatant. The
cells were then plated on a tryptic soy agar plate with the
appropriate antibiotic and grown overnight at 37 °C.
Competent Cell Preparation for B. subtilis 168. A

colony from a streaked plate of B. subtilis 168 was grown
overnight in a shaking incubator at 37 °C and 250 rpm. Next,
the overnight culture was used to inoculate 12.5 mL of
prewarmed nutrient-rich SpC media in a 125 mL Erlenmeyer

flask to an initial OD600 of 0.01 A. The culture was then
incubated in a shaking incubator at 250 rpm and 37 °C and the
OD600 was taken every 30 min to measure a growth curve.
After reaching the start of the stationary phase (as determined
through the R2 for a line of best fit during exponential growth),
the culture was grown two more hours to increase the yield of
cells. The culture was diluted 10-fold with prewarmed
starvation media SpII, then incubated in the shaking incubator
at 250 rpm and 37 °C for 90 min. The cells were harvested at
room temperature through centrifugation, and then some of
the supernatant was removed and the cells concentrated 20-
fold in the remaining SpII media. Competent cells were stored
in 10% glycerol at −70 °C.
Transformation of B. subtilis 168. The B. subtilis

chromosomal integration plasmids containing the synthetic
construct to characterize the constitutive promoters were first
linearized using BsaI-HF v2 (NEB). Approximately 1 μg of
linearized DNA was added to 100 μL of competent B. subtilis
cells in a culture tube and incubated in a shaking incubator at
250 rpm and 37 °C for 1 h. SOC recovery media (500 μL) was
then added, and the cells were incubated under the same
conditions for 2 h to recover. The samples were then
concentrated 5-fold by pelleting cells through centrifugation,
removing excess supernatant, and resuspending in the
remaining supernatant before plating on LB agar plates with
chloramphenicol.
Flow Cytometry Assay for Genetic Part Character-

ization. All genetic parts were assayed under the exponential
growth phase using flow cytometry as follows. S. aureus ATCC
12600 strains containing the different synthetic plasmids for
genetic part characterization and the negative control (wild-
type) and positive control (containing the pCM29 reference
plasmid) strains were streaked on tryptic soy agar plates with
the appropriate antibiotic and grown overnight at 37 °C. Single
colonies were used to inoculate 200 μL of SSM9PR, with
antibiotics as needed, in a 96-well U-bottom plate (Costar)
and covered with an Aeraseal (Excel Scientific). The samples
were grown in a plate-shaking incubator (ELMI SkyLine DTS-
4 Shaker) at 37 °C and 1000 rpm for 16 h. Samples were then
diluted 44.4-fold (30 μL of sample media into 170 μL of fresh
media, twice) into SSM9PR media with antibiotics as needed
and grown for 3 h under the same growth conditions. After this
initial growth, samples were diluted 96.7-fold (30 μL of sample
media into 170 μL of fresh media, then 10 μL of diluted
sample media into 145 μL of fresh media) into SSM9PR media
with antibiotics and chemical inducers as needed. The samples
were grown for an additional 5 h under the same growth
conditions. Next, the S. aureus samples were fixed using 4%
paraformaldehyde in phosphate buffered saline (PBS) as
described below. Cells were diluted into PBS with 2 mg/mL
kanamycin prior to flow cytometry with the goal of
approximately 800−1,200 gated events/s. The fluorescence
of each sample was measured using an Accuri C6 Flow
Cytometer (BD Biosciences) at a slow flow rate using the FL1-
A channel. The thresholds of either 25,000 for the FSC-H
channel or 27,000 for the FSC-H channel and 1250 for the
SSC-H channel were used to decrease noise in sample
measurements. At least 4000 gated events were collected for
each S. aureus sample. Representative histograms for three
samples of the negative control and positive control strains of
S. aureus ATCC 12600 are given in Figure S21. Representative
histograms of each strain of S. aureus used to characterize the
genetic parts and the sensor designs are given in Figures S22−
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S31, grouped by the genetic construct used to characterize the
genetic part or the type of genetically encoded sensor.
Constitutive promoters from B. subtilis were assayed using

the same conditions as that for S. aureus with some
modifications. First, the cells were grown in M9 minimal
medium supplemented with tryptophan. Second, the cells were
diluted 160-fold (5 μL of sample media into 195 μL fresh
media, twice) after growing for 16 h and after growing for 3 h
during the assay. Third, the B. subtilis samples were not fixed
prior to flow cytometry, and the volumes necessary to dilute
the samples for approximately 800−1200 gated events/s
differed from S. aureus. Finally, at least 6000 gated events
were collected for each B. subtilis sample.
Fixing S. aureus Samples. S. aureus samples were fixed

using fresh 4% paraformaldehyde in PBS, pH 7−891 to kill
pathogenic cells prior to flow cytometry and prevent biofilm
formation in the flow cytometer. Caution was taken while
preparing this solution in a chemical fume hood, as 1 M NaOH
and 1 M HCl are highly corrosive, and overheating the
paraformaldehyde solution above 65 °C can produce toxic
fumes. To make 10 mL of the fixation solution, 0.4 g of
powdered paraformaldehyde (Sigma-Aldrich) was added to 7
mL of Milli-Q water in a 50 mL glass beaker, then heated to 60
°C while stirring using a hot plate. After the paraformaldehyde
was dissolved, 100 μL of 1 M NaOH was added. One mL of
10× PBS was added after the solution turned clear, and then,
the solution was cooled to approximately room temperature
while stirring. HCl (100 μL; 1 M) and 1.8 mL of Milli-Q water
were added to bring the total volume to 10 mL. The pH was
tested at room temperature (MQuant, pH range 2.0−9.0,
MilliporeSigma) and adjusted with more 1 M HCl or NaOH
solution as needed. The fixation solution was filtered with a
0.22 μm nylon filter (Fisher Scientific) to remove large
particles and sterilize the solution before fixing S. aureus
samples. Note that if the pH of the fixation solution is not
adjusted appropriately, the fluorescence of the fixed S. aureus
samples was greatly affected (Supplemental Note 4 and Figure
S32).
After growth for the flow cytometry assay, the 96-well plate

of S. aureus samples was centrifuged with an aerosol-tight lid at
3900 rpm and room temperature to pellet the cells. The
supernatant was then removed by inverting the plate over a
large beaker and patting the plate dry on several layers of paper
towels to ensure that the supernatant was removed. Next, 200
μL of fixation solution was added to each sample, and the plate
was covered and thoroughly sealed with an aluminum seal
(Diversified Biotech). The plate was vortexed at 3200 rpm for
30 s to thoroughly mix and resuspend the samples, then
incubated at room temperature for 30 min in a fume hood.
The samples were then washed three times with sterile PBS by
centrifuging the plate with an aerosol-tight lid under the same
conditions, removing the supernatant, pipetting 200 μL of
sterile PBS into each well, and vortexing the mixture to mix as
described above. After three washes, the samples were
incubated at room temperature for at least 1 h to allow the
fluorescent proteins to fully develop. Finally, samples were
mixed by pipetting at least 8 μL up and down 10−20 times
before being diluted appropriately into sterile PBS with 2 mg/
mL kanamycin for flow cytometry.
Data Analysis. All flow cytometry data were gated in

FlowJo (v10.8.0) using a custom FSC-A vs SSC-A gate created
for S. aureus or B. subtilis. These species-specific polygonal
gates were created by gating around the wild-type cells and

those containing the highly fluorescent reference plasmid
(pCM29 for S. aureus) or construct (pNH446 for B. subtilis)
on an FSC-A vs SSC-A plot and then adjusting the gate to
minimize the noise (low fluorescence) in the fluorescent
samples. All samples were analyzed using the gate appropriate
for the species, including samples of S. aureus where cells were
shifted outside of the gate (SI File 1).
Fluorescent measurements in an experiment used the

median FL1-A fluorescence of the gated events. Activity and
expression values in S. aureus were converted from arbitrary
units of fluorescence to relative expression units (REU) using
the following equation:

REU
AU AU

AU AU
sample NC

PC NC
=

where AUsample is the measured fluorescence of the sample,
AUNC is the measured autofluorescence of the wildtype strain
S. aureus ATCC 12600 (negative control), and AUPC is the
measured fluorescence of the S. aureus strain containing the
pCM29 reference plasmid (positive control). Constitutive
promoter activity in B. subtilis was converted to relative
promoter units (RPU) using the same equation as that for
REU with the corresponding negative and positive control
strains for B. subtilis 168 (wildtype and pNH446 integrated
into the genome, respectively). The difference between RPU
and REU is the use of an insulated genetic structure (ribozyme,
RBS, fluorescent protein coding sequence, terminator) to
define the fluorescence of the positive control strain for RPU
calculations and to characterize each genetic part.
The average fluorescence of three independent samples

(colonies) for the positive and negative controls each was used
in the REU or RPU calculation. REU was calculated using a
custom Python92 script (v3.6) and RPU was calculated using
Microsoft Excel. Data were imported into RStudio93

(v1.4.1106) to calculate averages and standard deviations for
the three biological replicates of all samples using R (v4.0.4).94

ggplot2 from the tidyverse package95 (v1.3.0) was then used to
create the graphs of all flow cytometry data. Colors were
chosen using colorblind-friendly palettes from the scico
package.96

The one-way nested ANOVA test for the plasmid replicon
data was performed by using the aov() function in R with the
plasmid replicon factor nested inside the constitutive promoter
factor. The Tukey posthoc analysis was performed using the
TukeyHSD() function in R on the plasmid replicon factor to
determine the adjusted p-values.
The response function for each sensor design was fit to the

Hill equation97 in the following form:

y y y y x
K x

( )
n

n nmin max min
d

= +
+

where y is the output activity in REU, x is the input inducer
concentration, ymin is the minimum (basal) output activity in
REU, ymax is the maximum output activity in REU, n is the Hill
coefficient, and Kd is the apparent dissociation constant. For
each sensor design, the average output activity in REU at each
inducer concentration was transformed onto a log10 scale and
then fit to the above Hill equation using the least-squares
method to estimate the ymin, ymax, n, and Kd parameters. No
upper or lower bounds or initial values for the parameters were
applied. The fits were performed using a custom Python script
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and the least_squares() function from SciPy (v1.7.1).98 Hill
parameter values for all sensor designs are given in Table S2.
Constitutive Promoter Alignment. The constitutive

promoter sequences from Figure 2A were hand-trimmed
from the annotated or predicted transcription start site to the
annotated −35 region or 5−10 bp before the predicted −35
region (SI File 1). Because PMreB was not well-annotated, this
promoter sequence was trimmed by only two bp at the 5′ end
of the sequence. These trimmed promoters were then aligned
using the multiple sequence alignment software MAFFT
v7.48759 on a command line using the following options:
−maxiterate 1000 −localpair −op 0.75 −ep 3 -reorder. The
local alignment (localpair) option was chosen over the global
alignment, as the local alignment algorithm provided better
alignment for these sequences. The op (gap opening penalty)
and ep (offset value, like a gap extension penalty) values were
chosen from a matrix of different value combinations until the
−35 and −10 regions of most constitutive promoters were
aligned as anticipated based on their annotated or predicted
sequences.
After alignment, sequence logos of information content (in

bits) were created using custom Bash and Python scripts with
the Python module Logomaker.57 Sequence logos of each
promoter subset were made by dividing the alignment results
from the whole promoter set into each subset. This method
was used instead of realigning each promoter subset using the
same MAFFT options because the small sample sizes
dramatically changed the alignment results. A FASTA file of
the alignment results is available in SI File 3.
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