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Abstract

A major aim of synthetic biology isto program novel cellular behaviors using engineered gene
circuits. Early endeavors focused on building simple circuits that fulfill ssmple functions, such as
logic gates, bistable toggle switches, and oscillators. These gene circuits have primarily focused
on single-cell behaviors since they operate intracellularly. Thus, they are often susceptible to cell-
cell variations due to stochastic gene expression. Cell-cell communication offers an efficient
strategy to coordinate cellular behaviors at the population level. To this end, we review recent
advances in engineering cell-cell communication to achieve reliable population dynamics,
spanning from communication within single species to multispecies, from one-way sender-
receiver communication to two-way communication in synthetic microbia ecosystems. These
engineered systems serve as well-defined model systems to better understand design principles of
their naturally occurring counterparts and to facilitate novel biotechnology applications.
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1. Introduction

At theinterface of engineering and biology, amajor aim of synthetic biology isto program
cellsto perform desirable functions in a predictable manner [1, 2]. These programmed
functions could have potential applicationsin biomedicine[3], biofuel [4], bioremediation
[5], and cellular computation [6].

We describe here a survey of recent achievements in synthetic biology, highlighting recent
trends. Engineered gene circuits have experienced a hierarchical development in terms of
circuit complexity, from simple logic gates and regulatory motifs to communication-based
circuits. One salient trend is the transition from programming single-cell behaviors to
cellular population behaviors, from programming cellular temporal behaviors to
spatiotemporal dynamics, and from programming individual microbesto microbial
communities,
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2. Single-cell synthetic biology

Early studiesin synthetic biology primarily focused on the construction of simple genetic
devices, such aslogic gates, bi-stable switches, and oscillators. These genetic circuits
generally operated intracellularly to program single-cell behaviors. Y okobayashi et al.
programmed genetic elements to function as logic gatesin Escherichia coli [7] (Fig. 1A), in
which the Lacl/IPTG/P 4 parts constitute alogic gate that performs the IMPLIES logic
function. They then used a directed evolution approach to optimize the genetic elementsin
the circuit, making the IMPLIES logic gate match properly to the downstream Inverter logic
gate. In an attempt to construct several different types of genetic logic gates, Guet et al.
constructed alibrary of genetic networks with varying connectivity in £. coli by
combinatorial synthesis[8], which performed logic gate functions (eg., NOR, NOT IF,
NAND, etc). In addition, Anderson et a. constructed a synthetic AND gatein £. coli that
integrates information (salicylate and arabinose induction) from two promoters (Psy and
Psap) asinputs and activates a promoter output (Pr7) only when both input promoters are
transcriptionally active [9].

Bistable switches often consist of positive-feedback loops mediated by auto-activation or
mutual inhibition, which can convert graded inputs into abrupt responses [10]. Asan
example, Gardner et a. constructed a synthetic bistable toggle switch in £. co/i[11],
consisting of two mutually repressive transcriptional regulators. Kobayashi et a. further
interfaced the toggle switch with a SOS-response signaling pathway and a quorum sensing
signaling pathway [12]. An analogous bhistable switch based on mutual inhibition has also
been implemented in mammalian cells and mice [13]. In addition, there are other synthetic
switches that employ different circuit structures. One example is the auto-activation gene
circuit [14].

Thefirst artificial genetic oscillator (the “repressilator”) was engineered by Elowitz and
Leibler [15]. The repressilator comprises three transcriptional repressors that form a
negative feedback loop. By adopting a relaxation-type circuit architecture with interlocked
positive and negative feedback loops, Atkinson et al. constructed a genetic oscillator that
generates multiple cycles of damped oscillations [14]. Using a similar architecture but
different implementation, Stricker et al. recently constructed a genetic network that can
exhibit robust and tunable oscillatory behaviorsin single cells[16].

Synthetic gene circuits can also perform avariety of biocomputing functions. For example,
Friedland et al. constructed a cellular counter in £. coli that can count up to three induction
events [17]. Figure 1B illustrates a riboregul ated transcriptional cascade (RTC) two-counter
that responds to two pulses of arabinose (Ara) stimulation but does not significantly respond
to only one pulse of Arastimulation [17]. Sohka et al. engineered a bacterial band-pass filter
viathe construction of afeed-forward loop, which is externally tunable by IPTG and
Ampicillin (Amp) concentrations (see Fig. 1C) [18]. Upon plating cells on agar plates with
certain concentrations of Amp, IPTG, and tetracycline (Tet), rings or other cellular
fluorescence patterns can form.

The above-mentioned gene circuits have focused on programming single cells. That is, they
act intracellularly. One common difficulty encountered when dealing with these circuitsis
that the programmed behavior may vary dramatically from cell to cell, even in an isogenic
population. Such heterogeneity islargely due to the stochastic nature of cellular reactions,
including gene expression. This stochasticity represents amajor hurdle to achieve reliable
and coherent behaviorsin a population of cells and often makes the quantitative prediction
of circuit dynamics difficult. Severa strategies may enable more reliable, programmed
cellular behavior. Oneisto develop alibrary of well-quantified, standardized “ biobricks’
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[19], which can streamline construction of more complex gene circuits. Another way may
use proper feedback regulation or cell-cell communication to reduce noise. Negative
feedback offers a basic noise reduction mechanism [20]. Despite the stabilization effect of
negative feedback on circuit function, one must caution against along time delay, which can
result in oscillations [15, 21-23]. Recent studies also suggest cell-cell communication offers
an alternative strategy to aleviate the stochastic nature of cellular processes, thereby
facilitating the achievement of robust gene expression dynamics and the engineering of
reliable system behaviorsin a population of cells[24].

3. Population-level synthetic biology via engineered cell-cell
communication

In nature, awide variety of biological processes are regulated by cell-cell communication,
ranging from sophisticated embryogenesis and tissue patterning [25] to bacterial biofilm
formation [26]. In multicellular organisms, cells can perceive their microenvironment and
make fate decisions to coordinate their collective behaviors in a population, leading to
normal physiology and tissue homeostasis. Unicellular organisms (e.g., bacteria) were once
perceived asisolated, with individual cellsin a population acting independently of one
another. It is now recognized that communication exists universally within and across
bacterial species[27]. Such communication coordinates behaviors between individua cells
to enable a population to act asif it were amulticellular organism [28]. For example, the
marine bacterium Vibrio fischeri produces an extracel lular factor, called an autoinducer,
which coordinates the expression of genes responsible for light production. In this regulatory
network, the population must reach a threshold density, or “quorum”, beforelight is
produced. This autoinducer was identified as N-3-(oxohexanoyl) homoserine lactone
(30C6HSL), an acylated homoserine lactone (AHL) molecule broadly adopted as a
communication signal by Gram-negative bacteria. The term “quorum sensing” (QS) was
coined to specifically refer to density-dependent, coordinated gene expression in bacterial
populations. QS is a ubiquitous mechanism in awide range of Gram-negative and -positive
bacteriato regulate their phenotypes and multicellular behaviors, such as pathogenicity,
bioluminescence, and biofilm formation [26, 29, 30]. Since the small QS signaling
molecules can diffuse freely in the environment and across cell membranes, they can trigger
responses in cells nearby or at a distance. This QS-mediated bacterial communication is
anal ogous to the endocrine and paracrine communication mechanisms in multicelluar
organisms. Two systems of natural QS genetic components, the LuxR/Lux| QS system from
V. fischeri and the LasR/Lasl and RhIR/RhIl QS systems from Pseuidomonas aeruginosa,
have been widely adopted to engineer synthetic cell-cell communication in bacteria [31-34].

In addition to these naturally occurring QS components, there are alternative, engineered
components that can fulfill cell-cell communication function. The first classinvolves
engineered LuxR which was constructed using a directed evolution approach [35]. Such
evolved variants of LuxR offer either a high degree of specificity in response to a specific
AHL molecule or a broad range of specificities for awide variety of AHLsS[36, 37]. LUxR
variants with narrow specificitiesto different AHL signals may be useful in avoiding
potential crosstalk in programmed multichannel cell-cell communication circuits. Another
class of synthetic cell-cell communication components consists of metabolites synthesized
and secreted by cells. For example, Butler et al. reported using a common metabolite,
acetate, to engineer tunable, artificial cell-cell communication [38, 39]; Shou et al. reported
using two metabolites, adenine and lysine, to construct mutualistic cooperation between two
yeast cells[40]. These two examples will be discussed in more detail in the following
sections.
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3.1 Programming single populations

Engineering assemblies of cells which work collectively cannot be accomplished by simply
programming individual cells behaviors alone. Rather, the utilization of an engineered cell-
cell communication module is essential to coordinate individual cells activities and achieve
coherent behavior in cell populations. Such a strategy was implemented by You et al. in the
form of a population controller circuit engineered in E. coli by interfacing cell-cell
communication with regulated cellular killing [41]. In this circuit, the LuxR/Luxl systemis
used to broadcast and detect cell density, which autonomously regul ates downstream cell
death once a threshold cell density has been reached (Fig. 2A). Thus, a sufficiently high cell
density resultsin increased production of killer protein, which ultimately causes cell death.
Taken together, this circuit acts as a popul ation density controller. Balagadde et al. invented
amicrofluidic device, called a microchemostat, which allows for long-term characterization
of the nonlinear dynamics of this population control circuit [22]. The microchemostat can
maintain continuous operation of micro bioreactors with chip-based control, enabling long-
term culturing and real-time monitoring of extremely small populations of bacteria with
single-cell resolution and reduced gene mutation. Using a similar circuit design strategy,
Anderson et al. linked the capacity to invade mammalian cells with bacterial density by
controlling an /nvasin gene with a quorum sensing module (Fig. 2B) [42]. Here, high
bacterial density triggers expression of the /nvasingene, enabling £. coli to invade
malignant cells. Thiswork further demonstrated that QS-controlled cell-cell communication
can control diverse biological processes as outputs.

The basic QS /ux module consists of three regulatory components: LuxR, Luxl, and the /ux
promoter. However, the native /ux operon represents one possible combination of these
components. To examine the consequences of reshuffling these components, Haseltine and
Arnold rewired the /ux system and implemented three network architectures (Fig. 2C) [43].
In architecture A, /ux/ and /uxR are constitutively expressed from the Py g promoter, which
leads to a graded response, wherein fluorescence per cell increases linearly with cell density
until the fluorescence saturates. In architecture B, /uxRis constitutively expressed from the
Piuxr promoter, and /ux/ and gfp/vaare expressed from the Py, promoter, forming a Luxl
auto-activation positive feedback loop. This architecture resultsin an ultra-sensitive
response characteristic of aswitch. Finaly, in architecture C, /ux/, luxRand gfplvaare all
expressed from the Py promoter. This architecture introduces a higher level of nonlinearity
to the circuit by the double positive feedback loops of LuxR and Luxl, which resultsin
bistability over awide range of cellular densities.

Synthetic oscillators that function intracellularly often lead to unsynchronized oscillationsin
individual cells[14, 15]. A combination of the individual cellular oscillations over the entire
population may result in aloss of overall oscillatory behavior. Exploiting cell-cell
communication, Danino et al. engineered a synchronized genetic oscillator that operatesin a
population (Fig. 2D) [44]. The underlying mechanism of the genetic construct (Fig. 2D) is
coupled positive and negative feedback loops under the control of diffusible AHL across cell
membranes, in which AHL activates its own synthesis (positive feedback), and the synthesis
of AiiA, which enzymatically degrades AHL (negative feedback). The synchronized
oscillations arise because the AHL signal can both activate the genes necessary for
intracellular oscillations and mediate coupling between cells.

Engineered cell-cell communication a so enables sophisticated signal processing functions.
For example, Tabor et al. constructed a parallel and spatially distributed edge detection
algorithm in £. coli, where each bacterium within a spatially distributed population
functions as an independent signal processor (Fig. 2E) [45]. The genetic edge detection
algorithm allows alawn of bacteriato identify light-dark boundaries (i.e., edges). To
accomplish thislogic, the gene circuit in each bacterium requires four components: a dark
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sensor, a cell-cell communication module, X AND (NOT Y) genetic logic, and a synthesizer
of black pigment. Such logic only alows cellsin the light but proximal to dark areasto
activate LacZ to produce black pigment. Thus, a population of cells programmed with this
edge detection gene circuit can produce black pigment only at the boundary between light
and dark areas.

The above-mentioned effortsin coordinating individual cells activities were achieved by
taking naturally existing QS components from their native host (e.g., V. fischeri) and
integrating them into atarget host, such as £. cali. Alternatively, Butler et al. reported the
engineering of artificial cell-cell communication based on the synthesis and sensing of
metabolites [38, 39]. They demonstrated the design and construction of a gene-metabolic
circuit that uses a common metabolite, acetate, to achieve tunable artificial cell-cell
communication (see Fig. 2F). Since acetate is constantly produced and secreted by the cell,
GFP expression viathe promoter ginAp2 depends on the population density, and high levels
of transcription only occur when athreshold cell density is reached, satisfying the
fundamental characteristic of QS.

The use of the primary metabolite acetate as a signal molecule enables the communication
of metabolic states. By taking advantage of the integration of transcriptional regulation with
metabolism, Fung et a. constructed an oscillatory circuit, termed the “metabolator”, using
glycolytic flux to regulate the signaling metabolite acetyl phosphate (Fig. 2G) [46]. The
conceptual design of the metabolator consists of aflux-carrying network with two
interconverting metabolite pools (M1 and M2) catalyzed by two enzymes (E1 and E2), the
expression of which are negatively and positively regulated by M2, respectively (left panel,
Fig. 2G). The biologica circuit structure to realize this conceptual design is based on
programming the acetate pathway in £. coli (right panel, Fig. 2G). Consistent with model
predictions, this system was able to generate sustained oscillatory dynamics.

3.2 Programming interacting populations

One-way communication—Basu et a. extended engineering cell-cell communication
from within a single population to between two populations by constructing two synthetic
genetic circuits enabling one-way communication between signal senders and receivers[47,
48]. One example is a pulse-generating network in £. colf [47], in which the receiver cells
exhibit transient gene expression in response to a sustained input of AHL signals produced
by the sender cells. As depicted in Fig. 3A, upon aT ¢ induction which activates the circuit,
the sender cells continuously synthesize an AHL, 30OC6HSL, which fregly diffuses to
spatially proximate receiver cellsto activate their gene expression. The receiver cells contain
agene circuit that functions as a feed-forward motif with two arms of regulation: in the first
arm, activated LuxR (LuxR*) induces expression of GFP(Iva); in the second, LuxR* also
induces Cl expression, which in turn inhibits GFP(Iva) with atime delay relative to the first
arm. This circuit confers a pul se-generating response of the receiver cellsto the long-lasting
increase of AHL concentration produced by the sender cells. Before induction of the sender
circuit, thereisalow level of GFP expression in the receiver; upon induction, the GFP level
in the receiver increases initially, then decreases before settling to alow level.

Basu et al. further engineered an anal ogous feed-forward circuit to program pattern
formation (Fig. 3B) [48]. In the solid phase, agradient of AHL concentration is generated
around the sender cells due to AHL diffusion. The receiver cells act as a band detector of the
AHL concentration, whereby they maximally respond to an intermediate level of AHL,
while they are relatively insensitive to both low and high levels of AHL. That is, receiver
cellsin both close proximity and far from the sender cells experience ahigh and low AHL
level, respectively, resulting in repressed GFP expression. Only at intermediate distances
from sender cells, the receiver cells sense an intermediate level of AHL and maximize their
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responses with high GFP expression. Therefore, an initially undifferentiated lawn of receiver
cells can form a bullseye pattern around a sender colony. More elaborate patterns, such as
ellipses and clovers, can be achieved by placing senders at different configurations. One-
way communication has also been explored in eukaryotes, such as yeast, by the same group
[49].

The maintenance of the “common good” by producers (P) (e.g., of QS signal) in ecosystems
isamajor question in the evolution of cooperation. Since QS signal non-producers (NP)
benefit from the shared resource without paying its cost of producing the QS signal, NP may
proliferate faster than P. When P and NP are distributed heterogeneously into
subpopulations of varying composition, some start with higher fractions of P, while some
start with lower fractions of P. The fraction of P then falls for each subpopulation grown in
the co-culture. However, it is possible for the overall fraction of P to rise simultaneously.
This phenomenon is generally referred to as “ Simpson's paradox” [50]. To test this paradox,
Chuang et al. constructed a synthetic microbial ecosystem using two engineered £. coli
strains which comprise QS signal AHL producer (P) and non-producer (NP) (Fig. 3C) [51].
The common good in this ecosystem is Rhl autoinducer (C4HSL), which in turn activates
chloramphenicol antibiotic (Cm) resistance gene (carL VA) expression (Fig. 3C). The group
found that the global proportion of P increased relative to itsinitial composition, even
though within each subpopulation mixture, P decreases in proportion. Their experiments
illustrate Simpson's paradox in growing microbial populations.

Cdll-cell communication signals can also function as chemical wires, which can carry out
complex and distributed biological computations in genetically programmed bacteria placed
at proper spatial configurations. By spatially seeding alibrary of simple logic gates carried
out by different strains and manipulating their one-way interactionsvia AHLSs, Tamsir et al.
were able to construct all 16 possible two-input Boolean logic gates, including NOR,
NAND, XOR, etc. [52]. Asan example, Fig. 3D illustrates a XOR gate which functions
through programmed communication between four colonies on an agar plate. The XOR gate
was built with three NOR gates and a buffer gate, and each of the four colonies was
composed of a strain containing asingle logic gate (either NOR or buffer). By spotting the
four colonies onto an agar plate with the spatial configuration shown in Fig. 3D, the
computation progresses from left to right in response to the stimulation of two inputs (Ara
and aTc). The overall microbia consortium (including cells 1 to 4) behaved asadigita
XOR gate (seeitstruth table, inset, Fig. 3D).

Using engineered yeast cells and a cell-cell communication strategy, Regot et a. were also
able to build a set of Boolean logic gates with diverse input/output functions [53]. Asan
example, Fig. 3E illustrates an OR gate using three engineered cell strains, wherein Cells 1
and 2 respond to the presence of NaCl (input 1) and galactose (input 2) to produce the
wiring molecule pheromone, which subsequently induces the output of Cell 3 (expression of
GFP). The microbial consortium was co-cultured in liquid phase, and cells expressing GFP
were counted by flow cytometry. More complicated biological computations (such as a
multiplexer and a 1-bit adder with carrier) can be achieved by employing four or five
engineered strains, demonstrating the flexibility of this method [53].

Two-way communication—The examples above involve primarily one-way
communication between sender and receiver cells. However, microbia ecosystems,
consisting of communities with multiple microbial populationsinteracting reciprocally, are
much more ubiquitous in nature [54]; thus, engineering two-way communication
interactions has recently received increasing attention.
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Brenner et al. described a synthetic microbial consortium implemented in £. colf wherein its
members communicate bi-directionally to achieve “consensus’ gene expression [31].
Guided by mathematical modeling, they designed amicrobia consensus consortium (MCC)
using the QS components Lasl/LasR and RhII/RhIR (Fig. 4A). The two populations
communicate reciprocally viathe exchange of two QS signals, generating gene expression
responsesif and only if the two populations are simultaneously present at sufficiently high
cell densities. Therefore, the MCC functions as alogic AND gate in which the two inputs
are the population densities of the two types of cells containing Circuit A and B,
respectively.

M etabolites represent another type of exchangeable agent that can dictate intercellular
communication [38]. Shou et al. reported engineering a synthetic obligatory cooperative
ecosystem, which consists of a pair of genetically engineered, auxotrophic Saccharomyces

cerevisiaestrains (Fig. 4B) [40]. Thefirst strain, R:?ydse, can produce an amino acid, lysine,
essential to the survival of the second strain, but its own survival relies on another amino

—lys

acid, adenine, which is produced by the second strain, Y__ ;.. The two populations thus form
amutualistic ecosystem— in the absence of one partner, the other cannot maintain its
survival, and the two species reach their maximal viability only in the presence of one
another.

Goldberg et a. engineered a cooperative chemotactic microbial consortium [55]. As
schematized in Fig. 4C, Strain 1 expresses the ansB gene, which encodes Asparaginase, an
enzyme that converts asparagines to aspartate. Aspartate is a chemoattractant to Strain 2
with the TarPA chemoreceptor expressed on its membrane. On the other hand, Strain 2
expresses penicillin acylase (Pac), which converts PAG to PAA. PAA is achemoattractant
to Strain 1 with Tar chemoreceptor expressed on its membrane. Thereby, each strain
contains a subset of the components necessary for the chemotaxis to asparagine or PAG and
is unable to respond to either attractant alone. The two strains comprise a mutualistic
consortium, and contain all of the components required for chemotactic responses. The
mixed population showed robust chemotaxis on the combined gradient of both asparagines
and PAG. Such synergistic interactions resemble many natural ecosystems [56].

In comparison to other types of ecological interactions, predation often generates richer
dynamics, and as such, represents a great challenge to engineer de novo. To achieve the
predator-prey interaction logic, Balagadde et al. constructed bi-directiona cell-cell
communication between the predator and the prey populations using £. coli, wherein the two
bacterial populations regulate each other's gene expression and survival viatwo QS
modules, LuxI/LuxR and Lasl/LasR [32]. Figure 4D schematically depicts the predator-prey
logic: the predator produces 30OC12HSL, which diffusesinto the prey and leads to its death
following induction by the LacZ-ccdB killer protein; meanwhile, the prey produces another
QS signal, 30C6HSL, which permeates into the predator and rescues the predator by
eliciting expression of an antidote protein, ccdA, neutralizing ccdB's toxicity. This synthetic
system satisfies the broader definition of the predator-prey ecosystem, where one species
(prey) suffers from the prosperity of the other (predator) while the latter benefits from the
growth of the former. Oscillatory dynamics of the population densities of the predator and
the prey were observed in a microchemostat.

Finally, Weber et a. extended engineering two-way cell-cell communication to mammalian
cells. They used avolatile chemical, acetaldehyde, and antibiotics to engineer afew
synthetic ecosystems, including mutualism, parasitism, and predation [57].
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4. Conclusions and perspectives

Here, we have reviewed recent endeavorsin synthetic biology, particularly highlighting the
use of engineered cell-cell communication. Such programmed coordination of cellular
population dynamics by cell-cell communication cannot be realized by artificial gene
circuits acting intracellularly. Engineering cell-cell communication opens a new horizon for
the synthetic biology field.

We envision that synthetic ecosystems can serve as well-defined model systemsto address
ecological and evolutionary questions and elucidate biological design principlesthat are
infeasible to study in natural ecosystems due to their extreme complexity or unidentified
interaction modes. As an extension of engineering population behaviorsin a single species,
one can engineer population behaviors in multiple species with diverse interactions. One
advantage of these engineered microbial communitiesis that such systemsinvolve
compositional parts with well-defined genetic properties and interactions, facilitating a
guantitative investigation of their spatiotemporal dynamics. In contrast, such analysisis
often much more difficult when studying their naturally occurring counterparts, due to much
more complex interactions and confounding factors. For example, by programming a
synthetic predator-prey ecosystem, Balagadde et al. addressed the occurrence conditions for
extinction, steady-state coexistence, and oscillatory coexistence in a predator-prey
ecosystem [32]. Song et al. further examined how biodiversity changes in the chemical-
mediated ecosystem over time and space [58]. The underlying principles driving these
changes differ significantly from contact-based ecosystems [59, 60]. Such investigation of
the impact of spatiotemporal interactions (e.g., cellular motility and segregation) on the
relative abundance of the predator and the prey species may provide a systematic
understanding of spatiotemporal modulation of a predator-prey ecosystem's biodiversity,
which isa central element in determining stability and persistence of ecosystems[58, 61].

Synthetic ecosystems have also been used to address evolutionary theory in ecological
systems. Shou et a. constructed a synthetic obligatory cooperative system to investigate the
adaptation and co-evolution of cooperative species [40]. They demonstrated that two
synthetic cooperative populations can co-evolve through time by repeated dilution and
regrowth in co-culture. Chuang et a. synthesized an ecosystem consisting of QS signal
producer and non-producer to demonstrate Simpson's paradox and the Hamilton rule, which
rationalized the existence of cooperation during evolution [51, 62]. Gore et a. constructed
an ecosystem that included a wild-type (invertase producer) and a cheater yeast cell
(invertase non-producer) to illustrate the plausibility of snowdrift game theory asa
underlying mechanism for the origin of cooperation [63]. In the future, we envision that
more ecological and evolutionary theories will be addressed by synthetic ecosystems.

Microbial ecosystems are of great importance in avariety of real-world applications, ranging
from biocomputing [52, 53] to environmental remediation [64] and the facilitation of human
immunities [65]. In addition, microbial ecosystems can perform more complex tasks than
individual populations, enabling novel applications, such as drug and fuel production [66,
67]. Given the many advantages of microbial ecosystems, we envision the engineering of
such ecosystems for the devel opment of potential biotechnology applications [33, 68] asa
future area of significant interest throughout the field of synthetic biology.
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Figure 1.

Engineering genetic circuits at the single-cell level.

(A) A synthetic IMPLIES gate that isinterfaced with an Inverter. As shown in the upper
panel, the IMPLIES gate involves a constitutively expressed Lacl repressor, which inhibits
the transcription of Cl from the Py promoter; IPTG activates the P4 promoter and
induces Cl and ECFP expression; Cl inhibits the APRO12 promoter to repress EY FP
expression. As shown in the bottom panel, the Py promoter comprises an IMPLIES logic
gate wherein two inputs, Lacl and IPTG, induce the response of the output Cl, which acts as
the input to the interfaced Inverter based on the A\PRO12 promoter. Arrows indicate
synthesis. Blunt bars indicate repression. Figure adapted from Y okobayashi et al. [7].

(B) A synthetic riboregulated transcriptional cascade (RTC) counter circuit that can count
two pulses of arabinose stimulations. The RTC two-counter includes a transcriptional
cascade: promoter Py tet0-1 drives the transcription of T7 RNA polymerase (RNAP), whose
protein binds the Py promoter and mediates transcription of a green fluorescent protein
(GFP). The two genes (77 RNAPand GFA are in turn repressed by the riboregulator (cr).
Meanwhile, a short, transactivating noncoding RNA (taRNA), driven by the arabinose
promoter Pgap, can bind to cr, relieving its repression on RBS and effectively activating the
trangdation of T7 RNAP and GFP proteins. Figure adapted from Friedland et al. [17].

(C) A tunable band-pass filter conferred by a two-arm feed-forward loop (FFL). In one arm,
insufficient p-lactamase (BLA) activity causes accumulation of Amp, leading to
compromised cell wall synthesis and repressed cell growth. In the second arm, cell wall
(murein) breakdown of Amp resultsin the accumulation of aM-pentapeptide (aM-Pp),
which activates the promoter Paypc Viainteracting with the promoter's repressor AmpR. As
aresult, aM-Pp induces TetC synthesis (which confers cells Tet resistance) and GFP
expression. Alternatively, BLA can be expressed by IPTG induction of P pio promoter,
which isrepressed by Lacl. Figure adapted from Sohka et al. [18].
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Figure 2.

Programming single-species’ populations via engineered cell-cell communication.

(A) A population-control circuit which modulates population density of asingle species. The
circuit uses the LuxR/Luxl QS circuit, wherein both LuxRand L ux/ genes are under the
control of the P4 promoter, inducible by IPTG. LuxI produces 3OC6HSL, which can bind
and activate LuxR at a sufficiently high concentration. Activated LuxR-30C6HSL complex
(R*) in turn binds to the Py, promoter to induce expression of akiller gene, ccdB. High
expression of ccdB leadsto cell killing, thus reducing population density. Figure adapted
fromYouetal. [41].

(B) Synthetic QS circuit to control bacterial invasion of malignant cancer cells. Employing a
similar network structure as (A), the killer gene (LacZa-ccdB) in (A) isreplaced by an
invasion gene /nv. Thereby, the invasion of mammalian cells by the programmed bacteriais
under the control of QS. Figure adapted from Anderson et al. [42].

(C) Three network architectures for QS gene circuits synthesized by circuit reshuffling.
Architecture A: Luxl and LuxR are constitutively expressed, GFP(lva) is under the control
of the P,y promoter, which can be activated by the L uxR-autoinducer complex (LuxR*).
Architecture B: LuxR is constitutively expressed; Lux| synthesizes 30OC6HSL and
autoactivates expression of itself upon binding with LuxR, forming a positive-feedback
loop. Architecture C: Expression of LuxR and Lux| are all under the control of the positive-
feedback loop consisting of LuxR-autoinducer and the Py, promoter. Figure adapted from
Haseltine and Arnold [43].

(D) The genetic diagram of a synchronized genetic oscillator. The Py, promoter induces the
production of three genes (L ux/, aiiA and yemGFP). The activated LuxR-AHL complex
(R*) binds the P, promoter and activates gene expression. AiiA is an effective protease
that catalyzes the cleavage of AHL. The overall circuit functions as coupled negative and
positive feedback loops, wherein AHL activates synthesis of itself (positive feedback), and
induces AiiA expression, which in turn represses AHL 's accumulation by catalyzing AHL's
degradation (negative feedback). Figure adapted from Danino et al. [44].

(E) The genetic circuit dictating an edge detection algorithm. The genetic cascade includes
three sequential parts. First, the dark sensor part includes alight-sensitive kinase protein
Cph8. In the presence of red light, the Cph8 kinase activity is inhibited, precluding the
transfer of a phosphoryl group to the response regulator OmpR and subsequent
transcriptional activation of the OmpC promoter (Pompc)- The dark sensor therefore
functions asaNOT logic gate. Second, in the X and (NOT Y) logic gate, the Pompc
promoter drives the synthesis of Luxl and CI. Lux| produces a quorum-sensing signal AHL.
Cl inhibits the Py 2. promoter. LUxR-AHL complex (R*) activates the P, » promoter.
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Therefore, Pjyx. a functionsasan X and (NOT Y) gate. Lastly, the P x. 2 promoter drives
the synthesis of LacZ, which produces -galactosidase, an enzyme that subsequently cleaves
asubstrate in the media to produce black pigment. Figure adapted from Tabor et a. [45].

(F) Artificial cell-cell communication using a metabolite signal. Amino acid metabolism
results in a metabolite, acetate, as a byproduct. Acetic acid (HOAC), diffuses freely across
the cell membrane, playing the role of an artificial cell-cell communication signal. In the
cytoplasm, "OAc can be phosphorylated to acetyl phosphate (Ac~P), which can transfer its
phosphate group to NR1. Upon phosphorylation, NR1~P becomes a transcriptional regulator
of the glnAp2 promoter which activates expression of GFP. Therefore, the GFP level
reflects the acetate concentration, which in turn is correlated with cell density. Figure
adapted from Butler et a. [38].

(G) Metabolator, a synthetic gene-metabolic oscillator that integrates transcriptional
regulation with metabolism. The left panel shows the conceptual diagram of the circuit
design in which the two metabolite pools (M1 and M2) are controlled by two enzymes (E1
and E2). Theright pandl illustrates the biological realization of the conceptual design.
Acetyl-CoA is converted to acetyl phosphate (Ac~P) by phosphate acetyltransferase (Pta),
which converts to acetate ((OAC) by acetate kinase (Ack). Meanwhile, the enzyme acetyl-
CoA synthetase (Acs) isinduced in the presence of acetate ((OAc). When Ac~P reaches a
critical concentration, it represses the expression of Pta. Figure adapted from Fung et al.
[46].
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Engineering one-way cell-cell communication.
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(A) A synthetic pulse-generator. It consists of one-way communication between the sender
and the receiver by a QS mechanism. In the sender cells, upon aTc induction, Luxl
synthesizes the autoinducer 30OC6HSL. The receiver cells include a feed-forward network
comprised by two arms of regulation: in the first arm, the LuxR-30C6HSL complex
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(LuxR*) activates expression of repressor Cl, which in turn represses GFP expression; in the
second arm, LuxR* induces GFP expression. Figure adapted from Basu et al. [47].

(B) Synthetic self-organized pattern formation. The sender cells produce 30C6HSL upon
induction by aTc. The receiver contains a feed-forward network with two arms: in the first,
LuxR* activates expression of a mutated Lacl (Lacly;1), which then inhibits the output of
the circuit, GFP; in the second arm, LuUxR* activates expression of the repressor Cl, which
inhibits expression of Lacl; Lacl further inhibits GFP expression. The receiver cells are thus
conferred with the function of concentration-band detection. Figure adapted from Basu et al.
[48].

(C) Simpson's paradox demonstrated by a synthetic microbial ecosystem consisting of QS
signal (C4HSL) producers (P) and non-producers (NP). In P, promoter Pg drivesthe
synthesis of autoinducer synthase (Rhll), which produces C4HSL. C4HSL diffuses across
cell membranes and binds the constitutively expressed RhIR to form an activated complex
RhIR-C4HSL (R*). This complex in turn drives expression of catL VA, which confers cells
with chloramphenicol resistance. The saf/A null background (sdfA A) reduces other Rhl-
independent gene expression. In the NP strain, the rA// gene is absent. The P (with GFP) and
NP (no GFP) strains can be differentiated by GFP. Figure adapted from Chuang et al. [51].
(D) An XOR logic gate utilizing cell-cell communication between colonies on aplate. It
includes four colonies spatially distributed on an agar plate, in which three colonies contain
NOR gates and one contains a buffer gate. The four colonies are spatially arranged such that
the computation progresses from left to right; that is, the later layer receives QS signal from
the previous layer, thus realizing the function of a XOR logic gate via cell-cell
communication. Araand aTc are inputs. The output of the XOR gateis a yellow fluorescent
protein (Y FP). Figure adapted from Tamsir et a. [52].

(E) An engineered yeast microbial consortium which utilizes cell-cell communication to
achieve the OR logic gate. The microbia consortium includes three cell strains. Two cells
receive input stimuli of NaCl and galactose, respectively, and consequently produce the
yeast pheromone a pha-factor as a signaling molecule for cell-cell communication in the
microbial consortium. The apha-factor in turn induces GFP expression in the output cell.
Figure adapted from Regot et al. [53].
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Figure4.

Engineering two-way cell-cell communication.

(A) A microbia consensus consortium (MCC) circuit. It implements two-way cell-cell
communication using two QS modules, LasR/Lasl and RhIR/RhII, to achieve a consensus
response. In Circuit A, Lasl produces 3OC12HSL, which diffusesinto cells containing
Circuit B and binds LasR, thereby inducing expression of Rhll. Rhll in Circuit B synthesizes
C4HSL, which diffusesinto cells containing Circuit A and binds RhIR to activate Las|
expression, closing the positive feedback loop. Figure adapted from Brenner et al. [31].

(B) A synthetic obligatory cooperative system achieved by exchanging metabolitesin atwo-
way communication system. This system consists of two auxotrophic yeast strains that

depend on each other for survival. One strain, R:f‘ydse, is unable to synthesize adenine but

overproduces lysine. In contrast, another strain, Y:Lydse, is unable to synthesize lysine but

overproduces adenine. Figure adapted from Shou et a. [40].

(C) An engineered cooperative microbia consortium, in which only the mixture of the two
bacteria can chemotax toward the combined gradient of asparagine and phenylacetyl glycine
(PAG). One strain synthesi zes penicillin acylase (Pac), which enzymatically hydrolyzes
phenylacetyl glycine (PAG) to produce phenylacetic acid (PAA), a chemoattractant to £.
coli cellswith Tar chemoreceptors. The other strain expresses AnsB gene, which encodes
Asparaginase. Asparaginase enzymatically converts Asparagine to Aspartate, functioning as
aligand (or chemoattractant) to £. coli cells with TarPA chemoreceptors. This engineered
mutualistic consortium is not able to chemotax toward a gradient consisting of only one of
the two compounds (Asparagine and PAA). Figure adapted from Goldberg et a. [55].

(D) Schematic of the gene circuit in a synthetic predator-prey ecosystem. The system
consists of two types of engineered £. coli. Each controls the other's survival and death via
two QS circuits, LuxR/Luxl from V. fisheri and LasR/Lasl from P, aeruginosa The predator
synthesizes 30C12HSL, which diffusesinto the prey and bindsto LasR to induce
expression of the ccdB killer protein, thereby killing the prey. On the other hand, the prey
synthesizes 30C6HSL, which diffusesinto the predator and binds to LuxR to induce
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expression of the ccdA antidote protein. This protein neutralizes the toxicity of the ccdB
killer protein, thereby rescuing the predator. Figures adapted from Balagadde et al. [32].
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