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ABSTRACT: The power of a single engineered organism is limited by
its capacity for genetic modiﬁcation. To circumvent the constraints of
any singular microbe, a new frontier in synthetic biology is emerging:
synthetic ecology, or the engineering of microbial consortia. Here we
develop communication systems for such consortia in an eﬀort to allow
for complex social behavior across diﬀerent members of a community.
We posit that such communities will outpace monocultures in their
ability to perform complicated tasks if communication among and
between members of the community is well regulated. Quorum sensing
was identiﬁed as the most promising candidate for precise control of
engineered microbial ecosystems, due to its large diversity and established utility in synthetic biology. Through promoter and
protein modiﬁcation, we engineered two quorum sensing systems (rpa and tra) to add to the extensively used lux and las systems.
By testing the cross-talk between all systems, we thoroughly characterized many new inducible systems for versatile control of
engineered communities. Furthermore, we’ve identiﬁed several system pairs that exhibit useful types of orthogonality. Most
notably, the tra and rpa systems were shown to have neither signal crosstalk nor promoter crosstalk for each other, making them
completely orthogonal in operation. Overall, by characterizing the interactions between all four systems and their components,
these circuits should lend themselves to higher-level genetic circuitry for use in microbial consortia.
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when bound to a particular ligand, modulate transcription from
various QS promoters.28 Although there are several diﬀerent
QS mechanisms,29 the LuxR/LuxI-type systems mediated by
homoserine lactone (HSL) ligands are the most promising due
to their simplicity and large natural diversity.28,30,31 QS is a
reliable and well-characterized tool synthetic biologists have
used for a variety of applications including triggering bioﬁlm
formation,32,33 constructing synchronized oscillators,34,35 generating patterns,36,37 sensing pathogens,38 and developing
synthetic ecosystems.26,39 Furthermore, QS has proved to be
a powerful tool for metabolic engineering, by allowing timed
production of chemicals to commence at optimal celldensities.40−43
Taken collectively, these studies have established a
foundation for the use of quorum sensing in microbial
consortia. However, until recently,44 the cross-interactions
between QS systems have received little attention. If multiple
systems are to be used in the same environment, it is important
to know how they will interact with one another. Two QS
systems in the same population can harbor either signal
crosstalk, promoter crosstalk, or a mixture of both (Figure 1).
Signal crosstalk occurs when a receptor can bind a noncanonical HSL, such as LuxR binding 3-oxo-C12-HSL
(3OC12) which is native to the las system. Promoter crosstalk
occurs when an activated receptor can bind a noncanonical

onoclonal synthetic biology has led to increased
eﬃciency in the production of important industrial
chemicals and “high value” products.1−3 However, the
production capacity of a single organism is limited by metabolic
load and byproduct toxicity, which are both diﬃcult to address
with intracellular genetic optimization.4−7 Furthermore, the
deﬁning goal of an engineered “superbug” capable of high-yield
production8 is discordant with established ecological theory
that the optimization of one trait occurs at the price of other
necessary traits.9,10 Because of recent evidence that robust
communities will out-perform optimized monocultures,11 a new
frontier in synthetic biology is emerging: synthetic ecology, or
the engineering of microbial consortia.12−16
Engineered microbial communities have already demonstrated that the limitations imposed by metabolic load can be
addressed through distribution and specialization across various
members of a community.17,18 This allows consortia to produce
higher yields19,20 and to optimally respond to diauxic growth21
or harsh environmental ﬂuctuations.22−24 Importantly, the
engineering of microbial consortia will also facilitate a
systematic understanding of native communities that are of
increasing importance in the context of the human microbiome
and signiﬁcant environmental challenges.25−27
Regulatory processes are essential for cooperative behavior in
microbial consortia. Quorum sensing (QS) is a common
mechanism used by bacteria to sense local cell density in order
to coordinate gene expression and aﬀect diﬀerential behavior.28
Species capable of such sensing harbor regulator proteins that,
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and “completely orthogonal” if both cases are true. Orthogonality can therefore only be deﬁned under a given concentration
range of the signal and also depends on the deﬁnition of
“activated”. We considered a system activated if it exhibited a
maximum fold-change greater than 2, or an area under the
curve (AUC) greater than 2% of the canonical AUC response,
as deﬁned for Figure 4.
Several groups have pointed out the utility of complete
orthogonality49 and even used diﬀerent classes of QS
systems 50−52 in concert with Lux-like QS systems to
accomplish such orthogonality. Here we demonstrate that
diﬀerent combinations of our Lux-like QS systems can achieve
signal, promoter, and complete orthogonality. By characterizing
the varying degrees of cross-talk and orthogonality between all
four systems and their components, we hope to facilitate the
development of synthetic microbial communities with wellcontrolled functionality.

2. RESULTS AND DISCUSSION
2.1. Screening Lux-like QS Systems. Lux-like quorum
sensing systems are widely dispersed throughout the
proteobacteria phyla, each with a unique LuxR-like receptor
and HSL homologue.29,53 Taking advantage of the natural
diversity of these receptors and ligands, several systems were
chosen based on their “evolutionary distance” and ligand
uniqueness53,54 (see Supporting Information, Figure S1). The
systems that were chosen include the lux system from Vibrio
f ischeri with ligand 3-oxo-C6-HSL (3OC6),53 the las and rhl
system from Pseduomonas aeruginosa with ligand 3OC12 and
C4-HSL, respectively,54 the tra system from Agrobacterium
tumefaciens with ligand 3-oxo-C8-HSL (3OC8),47 the rpa
system from Rhodopseudomonas palustris with ligand pcoumaroyl-HSL (pC),55,56 the ahy system from Aeromonas
hydrophilia,57 the sma system from Serratia marcescens,58 the cer
system from Rhodobacter sphaeroides,59 and the exp system
from Sinorhizobium meliloti.60
To ensure reliable gene expression, each LuxR-like protein
from the selected systems was GFP tagged to gauge
translational output. After all of the R-protein-fusions were
shown to express well (Figure 2A), each R-protein was tested
for native functionality by cotransforming it with a GFP
reporter plasmid harboring its native promoter (see Table
S246,56,59−63). Despite evidence of successful expression of Rproteins, none of the systems other than the extensively
characterized lux and las systems showed GFP induction in the
presence of its HSL ligand. Several possible points of failure
were identiﬁed; for example, protein misfolding may impede
proper ligand or DNA binding, or recruitment of E. coli’s sigma
factor may necessitate a slightly diﬀerent protein location/
conformation than the system’s native chassis. To address these
issues, we rationally designed and tested new promoters and
proteins.
2.2. Rational Design of QS Systems. Using the luxsystem as a point of reference for a QS system that functions in
E. coli, hybrid promoters Ptra* and Prpa* were created by
replacing the lux-box in the commonly used PluxI promoter
with the tra-box47 and rpa-box,56 respectively. This drastically
improved the fold change of the rpa system from no-signiﬁcant
induction to nearly a 25× fold change in the presence of its
cognate ligand (Figure 2B). The tra system was also improved
from no signiﬁcant induction, but its fold change was still rather
low (Figure 2C). Observing protein alignment across several
LuxR-homologues, it was noted TraR was missing a conserved

Figure 1. Potential sources of crosstalk between quorum sensing
systems. Top left: R-protein (LuxR) binds its cognate ligand
(3OC6HSL) to become active and drive transcription from the Plux
promoter. Top right: Signal crosstalk occurs when the R-protein can
become active through binding of an HSL other than its cognate
ligand, such as LuxR binding 3OC12HSL, common to the las system.
Bottom left: Promoter crosstalk occurs when the QS promoter of one
system can be activated by the active R-protein of another system, such
as Plux being activated by LasR bound to 3OC12HSL. Bottom right:
Mixtures of both signal and promoter crosstalk can occur, allowing an
R-protein from one system to bind an oﬀ-target ligand and activate a
noncanonical promoter.

promoter, demonstrated by an activated LasR being capable of
driving transcription oﬀ the Plux promoter. Covering all
possible combinations reveals that a mixture of these two
crosstalks is possible, whereby a receptor is activated by a
noncanonical HSL and then activates a noncanonical promoter
(Figure 1).
Through promoter and protein engineering, the rpa and tra
quorum sensing systems were modiﬁed to allow functionality in
E. coli, adding two more systems to the previously characterized
lux and las systems. To the best of our knowledge the rpa
system has never been described in E. coli before, and the tra
system, although well-characterized in A. tumefaciens and in
vitro,45−47 has otherwise been previously shown to exhibit poor
activity in whole E. coli cells.45 All possible cross-interactions
between these systems’ components were then tested to
understand how they could be used in an engineered
community.
Most systems exhibited varying levels of crosstalk, and while
unexpected interference between components can cause a loss
of circuit function,44,48 if the parts are well-characterized the
crosstalk can be harnessed to create unique dynamical circuits.
In other cases it can be advantageous to have communication
systems that function orthogonally. For the purposes of this
study, we deﬁned orthogonality as such: system A is said to be
“signal orthogonal” to system B if Receptor A cannot be
activated by Signal B, “promoter orthogonal” to system B if
Promoter A cannot be activated by an HSL-bound Receptor B,
B
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Each of these 16 strains were exogenously subjected to a
wide concentration range of the four characteristic HSLs, and
the resulting GFP production after 3 h of incubation was
measured (Figure 3B). The concentration maximum (100 μM)
was limited by physiologically relevant numbers,30 while the
minimum (1 × 10−10 or 1 × 10−14 M) by previously observed
response thresholds (data not shown). Only promoter/receptor
pairs that showed a 2-fold induction or more in the presence of
at least one HSL were shown in Figure 3, for all combinations
not shown it can be inferred they exhibited no signiﬁcant
response under any conditions (Full data available, Figure S3
and Supplementary Data 1). QS constructs are denoted by a
three letter system where “L” refers to the lux system, “T” to
the tra system, “A” to the las system, and “R” to the rpa system;
the ﬁrst letter denotes the promoter used, the second letter
denotes the R-protein used, and the third letter denotes the
HSL used (Plux+LasR+3OC8= “LRT”). This fully comprehensive assay elucidated all three potential crosstalk dynamics,
as well as extensively characterized many new inducible genetic
circuits. Each construct’s relevant behavior was quantiﬁed by
ﬁtting its expression data to the typical dose−response
function:

Figure 2. Engineering new QS systems in E. coli (A) Mean
ﬂuorescence of GFP-LuxR-like protein fusions. Positive control is
constitutively expressed GFP, and negative control is the E. coli strain
with no GFP plasmid. (B) Wild-type rpa-promoter is nonfunctional in
E. coli, however an engineered Plux-rpa promtoer functions well. (C)
Wild type tra-promoter is also nonfunctional, but an engineered Pluxtra promoter shows signiﬁcant fold-change in the presence of cognate
ligand. Also, an engineered TraR with a point mutation to increase
sigma factor binding increases fold change of the tra system. (B), (C)
Mean values are normalized by lowest expression in each panel. Error
bars represent SEM (n = 3).

GFP = b +

a−b
1 + 10 log(EC50 − X ) * h

where a is the maximum response, b is the basal expression, X is
the concentration of ligand, and GFP is the response at that
concentration. To ensure meaningful ﬁtted dose−response
curves, only the QS pairs that showed signiﬁcant activation
before 100 μM were analyzed. From this equation, four
important attributes of each dose response curve were
calculated: fold change, EC50, hill slope (h), and area under
curve (AUC) or “activity area”66,67 (Table S1). Fold change is
deﬁned as the maximum observed expression divided by the
basal expression in the absence of ligand (a/b). The EC50 is
deﬁned as the concentration of ligand that results in halfmaximum activation of the QS construct. The hill slope is
deﬁned as the steepest slope along the dose response curve, and
is indicative of how responsive the promoter/receptor pair is to
the ligand. Lastly, the ﬁtted curve was integrated using a
trapezoidal function to calculate the area under the curve minus
the area of the leakiness to give the activity area (Figure 4C).
Generally, the Las system demonstrates the highest fold change
and has a relatively low (strong) EC50, the Tra system has the
lowest fold change and weakest EC50 but is also the least leaky.
The Rpa system has the strongest EC50 and the highest
leakiness, and the Lux system has midrange values for all
characteristics.
Fold change is a very important aspect of genetic circuits, and
this multiplex assay allowed the identiﬁcation of systems with a
wide range of induction curves ranging from 2-fold to almost
100-fold in batch culture after 3 h of induction (Figure 4A).
However, the use of fold change as a standard to compare QS
circuit performance was obfuscated by unexpected expression
dynamics. For example, TTA shows a greater fold change than
the canonical TTT, yet is much less sensitive to the exogenous
ligand with an EC50 almost 2 orders of magnitude higher
(Figure 4C). This phenomena may be the result of diﬀerent
HSL stabilities, but is more likely due to the receptor having a
slightly diﬀerent conformation when bound to the oﬀ-target
HSL, allowing it to bind tighter to the DNA or recruit the
sigma factor more strongly. Such a unique crosstalk dynamic
may have implications in natural systems that would beneﬁt

tryptophan amino acid,64 which in LuxR is known to be
important for sigma factor recruitment.65 Engineered receptor
TraR(W) was created by substituting a tryptophan into the
correct amino acid position. When combined with the Ptra*
promoter and the native signal, the fold change was doubled
compared to the wild-type TraR protein and hybrid Ptra*
promoter (Figure 2C).
2.3. Quorum Sensing Circuit Multiplexing. To fully
characterize the utility of these QS-responsive strains, a
modular two-plasmid system was constructed such that an
actuator plasmid constitutively produced the LuxR-like protein,
while a reporter plasmid harbored a single QS-promoter
expressing sfGFP (Figure 3A). With the four functional systems
(lux, tra, las, and rpa), all 16 possible actuator/reporter twoplasmid strains were created. Each receptor protein, without
any HSL ligand, has an inherent aﬃnity for each promoter,
giving each of these 16 combinations a unique basal expression
level or “leakiness” (Table S1), deﬁned as the GFP expression
in the absence of any HSL ligand, normalized by the observed
ﬂuorescence of the same E. coli strain without a GFP plasmid
(Figure S2). Leakiness can negatively aﬀect genetic circuit
functionality, or it can be harnessed to direct the rates of
transient protein expression, making basal expression an
important characteristic. Interestingly, the canonical R-protein
and its respective promoter were seen to always harbor the
highest leakiness for each promoter/receptor set. This ﬁnding
suggests that if leakiness is an undesirable trait for a potential
genetic circuit, a noncanonical yet functional R-protein could
be used instead.
C
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Figure 3. Dose−response from multiplexed quorum sensing circuits: (A) Genetic schematic of a single construct in the presence of a particular HSL
ligand. With four R-proteins and four promoters there are 16 two-plasmid combinations each induced with four diﬀerent HSLs giving 64 promoter/
R-protein/HSL combinations measured at 8 ligand concentrations (or 12 for LasR). (B) Heat map showing GFP abundance for all QS combinations
and HSL concentrations. Each column denotes a unique combination of signal (HSL), receptor (R-protein), and reporter (QS promoter), with rows
denoting the concentration of ligand. Only Promoter/R-protein combinations that resulted in at least a 2-fold increase for one or more HSL are
shown (full data via Figure S3 and Supplementary Data 1). Each value corresponds to the mean ﬂuorescence value measured from a cell population
normalized by the population’s cell-density; all combinations and concentrations were done in triplicate.

Figure 4. Activity area of dose−response curve as performance standard. (A) The maximum fold-change of a diverse subset of the QS constructs
after 3 h of induction. (B) Normalized dose−response curves of a subset of QS constructs that demonstrate a variety of EC50s. Each curve is
normalized by its own maximum value, such that each curve converges to 1. (C) Fitted dose−response curves to the experimental data and their
calculated activity areas. The red dot indicates the mean expression in the absence of HSL. Gray box under the curve represents the inherent
leakiness of the circuit. Where the dotted lines meet the x-axis gives the EC50 value. Error bars indicate the standard error of the mean (n = 3).

from a strong response to high levels of a foreign species. Fold
change was further determined to be misleading because many
systems showed steep increases in induction at 100 μM, while
at 10 μM they still exhibited near-background expression
(Figure S4). AAL, for instance, has a fold change of 15, yet its
activity area is about 1% that of the canonical (AAA). The
normalized activity area of 1% gives a much more accurate

account of its relative performance than the normalized fold
change (15% of the max fold change) (Figure 4B).
Selection of constructs based on EC50 could help create
circuits with speciﬁc expression dynamics such as sequentially
ﬁring promoters based on cell density (Figure 4B). Additionally, systems in which the R-protein is completely orthogonal to
a ligand until 100 μMsince that concentration would be
diﬃcult to reach without exogenously provided signalcould
D
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Figure 5. Identifying crosstalk and orthogonality between QS circuits. (A) Activity area of the ﬁtted curve, across all HSL concentration values, is
used to graphically represent every R-protein’s aﬃnity for each HSL ligand and each QS-promoter’s ability to be activated by an oﬀ-target receptor.
Left column: Signal crosstalk as demonstrated by each canonical promoter/R- protein pair’s ability to be activated by nonspeciﬁc ligands. In each
box, values are normalized by the maximum performance of that R-protein/Promoter pair (e.g., LLT/LLL = 96%). Right column: Activation of each
promoter by each canonical R-protein/ligand pair, representing promoter crosstalk. In each box, values are normalized by the maximum performance
of that promoter (e.g., LRR/LLL = 87%). (B−E) Comparisons of two sets of QS systems and all possible cross-interactions. Activity area of each
column’s ﬁtted curve is normalized by the maximum activity area of the promoter corresponding to that particular column (e.g., LLA/LLL or AAL/
AAA). (B) The lux system demonstrates both signal and promoter crosstalk to the las system, while the las is orthogonal to the lux system. (C) The
lux and rpa systems are signal orthogonal but demonstrate two-way promoter crosstalk. (D) The las and tra systems are promoter orthogonal but
demonstrate two-way signal crosstalk. (E) The rpa and tra systems are completely orthogonal.

properties of these components. For instance, the Plux and
Prpa* promoters are promiscuous, while Plas and Ptra* are
very speciﬁc to their particular R-protein. Unexpectedly, since
the acyl-HSL’s of lux, tra, and las are so similar (Figure S1),
there is a large amount of signal crosstalk between their Rproteins. Conversely, since p-coumaroyl, an aryl-HSL, has a
much diﬀerent structure (Figure S1) than the others, it is
recognizable by only RpaR, and RpaR cannot recognize the
other signals.
The result of this multiplex assay oﬀers insight into many
unexpected pairings of receptor, ligand, and promoter that
synthetic biologists can utilize for various circuit functions.
Since the lux system is widely used, it is important to note that
using RpaR with pC-HSL in conjunction with Plux gives an
almost identical fold change and hill slope but with higher
sensitivity and lower leakiness, making this hybrid system a
desirable alternative to the canonical lux circuit. Similarly, LasR
with 3OC12 driving transcription oﬀ the Prpa* promoter is
almost half as leaky as the canonical las circuit, while still giving
a large fold change and low sensitivity (Table S1). Furthermore,
comparing the activity area of two QS systems was found to be
a useful method to quickly identify crosstalk and orthogonality.
2.4. Toward Microbial Consortia. Individual constructs
have intrinsic value, however, circuits were evaluated for
potential use in multisystem consortia by grouping their crossinteractions (Figure 5). Although lux and las have been used in
numerous circuits before, they do exhibit a signiﬁcant amount
of crosstalk. Speciﬁcally, LuxR can become active by binding
the 3OC12 of las, and an activated LasR protein can activate
the Plux promoter. However, the Plas promoter is completely
orthogonal to the lux system (with the caveat that LasR can
become somewhat active at 100 μM 3OC6). Taken together
the lux/las system exhibits one-way orthogonality (Figure 5B)
in the physiologically relevant concentration range.
Interestingly, although the lux and the rpa systems exhibited
promoter crosstalk, they were signal orthogonal: they could not
bind each other’s ligand. This crosstalk dynamic implies that
they could function independently as long as their promoters

be used as a master control of certain systems, allowing for
circuits to be triggered only by external input. In general, the
EC50 is useful for predicting relative performances of a
particular R-protein across ligands. However, it tells you
nothing about the raw expression levels, so it is not the best
metric as a standard of performance. For instance, RRR is the
most sensitive of all constructs with an EC50 of 0.5 nM (Figure
4B) but only has a fold change of 28 (Figure 4A), meanwhile
RLL is 3 orders of magnitude less sensitive (Figure 4B) yet has
a fold change of nearly 65 (Figure 4A).
The hill slope provides information about how sensitive the
R-protein is to its ligand and whether the binding appears
cooperative. It is common to attribute digital, or near-digital,
responses to QS circuits, but this is inconsistent with the reality
of biological systems, as most canonical QS systems have hill
slopes around 1 (Table S1). Nevertheless, synthetic biologists
may still want to choose the most digital construct possible
(RRR) when constructing their circuit, or possibly the most
linear (RLT). To quantify and compare the performance of
these various QS circuits, activity area was found to be the most
useful characteristic. This is consistent with a recent study,
which reported AUC to be a better comparison method than
EC50.67 Activity area includes all aspects of the response curve;
that is, less leakiness, greater fold change, higher sensitivity, and
lower EC50s all contribute to increasing the activity area
(Figure 4C, Table S1), making it an especially informative
performance standard.
Therefore, activity area was used to compare the performances of all of the diﬀerent systems. As an example, the activity
area of LuxR and Plux with an oﬀ-target HSL (LLT) was
divided by the canonical response (LLL), and it was seen that
3OC8 activated LuxR at 96% of its max eﬃciency (Figure 5A).
Similarly, the activity area of RpaR with pC-HSL and the Plux
promoter (LRR) was normalized by the response of the
canonical lux system (LLL), and it was observed that, at its best,
RpaR activated the Plux promoter at 87% of the promoter’s
maximum observed output over the concentration range in this
study (Figure 5A). This allows quick evaluation of general
E
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Figure 6. Veriﬁcation of QS component orthogonality. (A) Genetic schematic of signal orthogonal strains 708 and 709. (B) A 1:1 coculture of 708
and 709 was subjected to the full range of HSLs, and the AUC of the dose−response was compared to predictions based on their original
characterization in Figure 3 and Table S1. For all predictions, it was assumed the canonical HSL would give the maximum response, so it was
assumed providing both HSLs would still give an AUC of 100. Each experiment is normalized by the canonical response, such that the AUC of the
GFP dose−response to C6-HSL is set to 100, making the ratio between columns in a set the point of comparison. For example, the 708/709 GFP
column set follows this formula: (AUC-C6/AUC- C6), (AUC-pC/AUC-C6), (AUC-Both/AUC-C6). (C, D) Raw ﬂuorescence expression of the
708/709 coculture. Error bars represent SEM (n = 4). (E) Genetic schematic of promoter orthogonal strains 718, 719, and 720. (F) Normalized
dose−response AUC showing similarity between predictions and in vivo results. (G, H) Raw ﬂuorescence expression of 720. Raw expression of 718
and 719 is available in Figure S5. (I) Genetic schematic of complete orthogonal strains 716, 717, and 702. (J) Normalized dose−response AUC of
predictions and in vivo results. (K, L) Raw ﬂuorescence expression of 702. Raw expression of 716 and 717 is available in Figure S5. Error bars
represent SEM (n = 4).

are physically compartmentalized (e.g., contained within
diﬀerent cell types, Figure 5C). Therefore, a coculture of luxresponsive and rpa-responsive cells could be orthogonally
controlled by their diﬀusible signal into the 100 μM
concentration range. The las and rpa systems also exhibited
signal orthogonality, with even less crosstalk at 100 μM.
There were two system pairs that exhibited signal crosstalk
but were promoter orthogonal: the lux/tra pair and the tra/las
pair (Figure 5D). LuxR and LasR could not activate Ptra*, and
TraR could not activate Plux or Plas; however, with such similar
HSLs, either of the systems’ ligand worked to activate both Rproteins to a signiﬁcant degree. Although signal crosstalk with
promoter orthogonality will not explicitly allow for diﬀerential
control of speciﬁc strains, these systems could be used for ORgates or competitive-inhibition-based circuits.68
Additionally, the tra and rpa systems exhibited both signal
and promoter orthogonality, characterizing them as completely
orthogonal (Figure 5E). These systems would allow for the
control of two quorum sensing systems not only in the same
culture but within the same cell or compartment. Both Rproteins are incapable of binding to either the nonspeciﬁc
promoter or the nonspeciﬁc ligand. While signal-orthogonality
is suﬃcient for creating complex population dynamics,
assuming each cell is controlled by one system, complete
orthogonality can accomplish population dynamics as well as

more advanced internal signaling such as the maintenance of
two asynchronous, noninterfering oscillators.
To validate the characterization of our constructs and verify
their potential for synthetic ecologies, we tested these three
communication modules in the same culture or cell (Figure 6
and Figure S5). Signal orthogonal strains (Figure 6A) were
cocultured and exposed to 3OC6HSL (C6), pC, or both HSLs.
Their dose−response proﬁles (Figure 6C−D) were used to
generate AUC ratios which were compared to response
predictions based on the individual constructs’ previous
characterization (Figure 6B). The same was done for promoter
orthogonal strains (Figure 6E−H) and complete orthogonal
strains (Figure 6I−L) with their respective HSLs.
In all cases, the components behaved very similarly to their
predicted response, suggesting these components will translate
well into applied circuits. It is important to note that the
apparent cross-talk in the GFP-702 column (Figure 6J) is due
to growth defects. The basal level of GFP remains the same
(Figure 6K); however, the OD decreases with increased pCHSL (Figure S6C) due to the heavy metabolic load of
producing RFP and harboring three relatively high-copy
plasmids. Since all ﬂuorescence data are OD normalized, the
subsequent AUC calculations misrepresent a decrease in OD as
an increase in OD-normalized ﬂuorescence. These growth
defects are likely also responsible for the decrease in GFP
F
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1% in LB. After induction, the cells were allowed to grow for 3
h until OD ≈ 0.5 at which point they were measured with a
Tecan inﬁnite M200Pro for OD600 as well as GFP
ﬂuorescence with the following ﬁxed settings: no top, ﬁxed
gain of 61, excitation of 485 nm, emission of 520 nm, and Zposition of 19500. All GFP measurements were normalized by
dividing their raw values by the OD of that well to give a “percell” measurement and account for slight diﬀerences in growth
rates. For Figure 6, the same methods were used, except gain
regulation was used to ﬁnd an optimal gain for each individual
experiment, and RFP levels were measured with an excitation of
580 nm and an emission of 620 nm.
Dose−Response Fitting. A Matlab script utilizing nonlinear regression was used to ﬁt the plate reader measurements
to the described dose−response equation. The script by Ritchie
Smith was obtained here via mathworks.com and was slightly
modiﬁed for this study. The script takes the dose and response
matrices as inputs, ﬁts the curve, and outputs the min, max, Hill
coeﬃcient, EC50, and AUC of the curve.

production under both HSLs (Figure 6K). The complete
orthogonality of the rpa/tra systems is further conﬁrmed by
Strain 717 which would show the same GFP−AUC ratios as
702 if the cross-talk were real, but having normal growth under
all conditions (Figure S6B), it more accurately demonstrates
tra’s unresponsiveness to pC-HSL and RpaR (Figure 6J and
Figure S5E).
Lastly, to further the case for rpa’s utility to synthetic biology,
we recognize the importance of being able to produce pC-HSL
in vivo. Preliminary data appears to show that the native
sequence from R. palustris can be expressed in E. coli and
activate the Rpa system (Figure S7). Further tests are needed to
thoroughly prove its functionality, but our data suggest RpaI
and the rpa components have potential to be used in future
dynamical QS systems.
Characterizing the interactions of just four diﬀerent quorum
sensing systems resulted in the identiﬁcation of many potential
circuit components for use in a variety of synthetic biology
applications. Our study demonstrates that because of the
natural abundance of quorum sensing systems and their ease of
engineering, due to protein and promoter modularity, QS is a
very attractive tool for the development of next generation
genetic circuits and the programming of microbial consortia.
Although completely orthogonal systems have straightforward use cases, we hypothesize that promoter-orthogonal and
signal-orthogonal pairs oﬀer their own unique advantages as
certain levels of crosstalk may be desirable in creating more
interesting circuits with complex dynamics. We anticipate that
the unique crosstalk interactions and aﬃnities of the diﬀerent
QS combinations characterized in this study can be used to this
advantage. Furthermore, the possibilities unlocked by QS
circuitry will only grow as more QS systems are characterized
and created. Given the ease of promoter and protein
engineering of QS components, it is clear that these systems
could be further optimized by modifying either the ligand
binding, DNA-binding, or sigma-factor-recruiting domains. As
more novel QS systems are engineered, the various types and
strengths of cross-interaction will be a very useful tool set for
real-world applications in synthetic biology.
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METHODS SUMMARY
Plasmids and Strains. The plasmids used in this study are
described in Table S3. All studies were done in the “EK” E. coli
DIAL strain provided by Josh Kittelson;69 this strain is
necessary for proper propagation of plasmids due to R6K and
ColE2 origins of replication used in all plasmids. Promoters and
UTRs described by Mutalik et al.70,71 were synthesized de novo
from IDT. Genomes of Rhodopseudomonas palustris (RpaR),
Rhodobacter sphaeroides (CerR), Sinorhizobium meliloti (SinR,
ExpR), and Serratia marcescens (SmaR) were obtained from
ATCC. Lux, las, and rhl were obtained in lab and tra was taken
from iGEM pSB1C3-BBa-K916000 found in Distribution Plate
2, Well 9J.
Fluorescence Expression Measurements. Cells were
prepared for plate reader experiments as follows: strains were
grown overnight and then reseeded in a 1:1000 dilution into
fresh media containing ampicillin and spectinomycin resistance.
The dilution was allowed to grow for about 4 h until it reached
OD ≈ 0.1. Then, the cell culture were distributed into a 96-well
plate (180 μl ﬁnal volume per well) and induced with a range of
AHL concentrations (1:10 serial dilutions were done from 1 ×
10−4 M to 1 × 10−10 M or 1 × 10−14 M). AHLs stocks were
dissolved in DMSO, resulting in a max DMSO concentration of
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