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Abstract

The past 20 years have witnessed enormous progress in synthetic biology in the development of
engineered cells for diverse applications, including biomanufacturing, materials fabrication, and
potential therapeutics and diagnostics. However, it still remains a major challenge to maintain
long-term performance of synthetic gene circuits, due to the emergence of mutants that lose circuit
function. Here, we highlight major vulnerabilities of synthetic gene circuits resulting in circuit
failure and mutant escape. We also discuss engineering strategies to enhance long-term circuit
stability and performance. These approaches can be divided into two strategies: the suppression of
the emergence of mutants and the suppression of their relative fitness if mutants do emerge. We
anticipate that mechanistic understanding of the modes of circuit failure will facilitate future
efforts to design evolutionarily robust synthetic biology-inspired applications.
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1. Introduction

A major objective in synthetic biology is to program cells in a predictable manner using
synthetic gene circuits. These circuits can serve as well-defined models to gain insights into
the operation of their natural counterparts [1]. Programmed genetic devices also have
demonstrated their potential utility in diverse applications, including biosensors [2,3],
biomanufacturing [4-7], living therapeutics [8], and diagnostics [9].
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Despite recent advancements, the predictable programming of cells is still limited by several
fundamental challenges. For example, a target circuit function may be corrupted by cell-cell
variability due to the stochastic nature of intracellular dynamics [10]. Moreover, due to an
insufficient mechanistic understanding of the circuit components or the host cells, the circuit
function can be inadvertently impacted by unanticipated host-circuit interactions [11-13].

Another challenge is to maintain the long-term operation of a circuit. Upon circuit
activation, the expression of circuit elements requires the host to allocate intracellular
resources, which results in a metabolic burden on the host [14]. Additionally, either by
design or as a side effect, a circuit can encode components that are toxic to the host cell
[15,16]. A mutant can have a fitness advantage by losing the circuit or by inactivating the
expression of burdensome or toxic components. If so, the mutant can eventually take over a
population, leading to the corruption or loss of the circuit function in the entire population.
Thus, the success of many synthetic biology applications hinges on our ability to predictably
engineering biological components that can maintain their genetic stability against
evolutionary pressure to sustain their programmed function over time.

In this review, we identify sources of synthetic circuit failure and highlight advances in
engineering strategies to circumvent the evolutionary forces that lead to genetic circuit
instability. While diverse in application contexts and specific implementations, current
approaches reveal two complementary engineering strategies: (1) suppressing mutant
emergence, i.e., reducing the evolutionary potential to lower the chances of mutant
emergence; and (2) suppressing the relative fitness of mutants, i.e., targeting genetic variants
by restricting their fitness to inhibit them from taking over the population.

Modes of circuit failure

The link between the burden of a circuit and its failure has been experimentally
demonstrated in several systems [7,14]. Gorochowski et al. observed a stress-response-like
transcriptomic profile in the host cell upon the introduction and activation of a synthetic
gene circuit. This global response in turn reduced the host fitness and the circuit stability
[17]. Using inducible expression of the green fluorescent protein (GFP) as a model, Sleight
et al. demonstrated that the half-life of a circuit decreased exponentially with target gene
expression level [18]. In a different context, Ceroni et al. also showed that reducing circuit
burden improved circuit stability [14]. For a circuit that incurs toxicity, it has been shown
that its stability can be enhanced by reducing the toxicity [7].

The emergence of a mutant and its interplay with the cells carrying the functional circuit can
be illustrated by a simple model (Figure 1A, Egs 1&2). In this model, the wildtype
population (W) represents the population carrying a functional synthetic circuit. Loss of the
circuit or inactivation of the circuit’s function gives rise to a mutant cell population (M). We
describe the rate of failure as 7( 14}, which can be a continuous or discrete function. Wand
M reproduce with specific growth rates yyand iy, respectively. They are eliminated at
death rates &y and 8y, respectively.
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In general, the growth rates and the death rates are a function of the circuit function and the
growth environment. For example, an increase in circuit burden is reflected by a decrease in
Uy, an increasing toxicity of a circuit component corresponds to an increasing &y, Once it
AL
mutant will eventually dominate if a > 1. This modeling framework is generally applicable
for different systems and different modes of mutant generation. Moreover, while we focus
on genetic mutants here, the same conceptual framework is applicable to analysis of circuit
functional stability involving non-genetic phenotypic bifurcation [13,19].

emerges, the relative fitness advantage of the mutant is reflected by « = e

Depending on its implementation and operation condition, a circuit can fail in multiple
ways. If the circuit is encoded on a plasmid, segregation error can result in the loss of the
plasmid in daughter cells during cell division (Figure 1B) [20]. This plasmid instability is a
major challenge in industrial bioproduction, where imposing an antibiotic selection pressure
is impractical due to the associated cost [20]. If some of the circuit elements, such as
promoters and terminators, contain repeated sequences, the circuit is prone to
recombination-mediated deletion (Figure 1C) [21-23]. Transposable elements can disrupt
the circuit function directly, if they are inserted into one or more circuit elements (Figure
1D) [24], or indirectly, if they disrupt host functions required for circuit operation (Figure
1E). These host functions include those involved in plasmid maintenance or gene expression
regulation [16,18,21,25]. Finally, spontaneous point mutations or small indels can also result
in a partial or complete circuit inactivation. This alleviates the host organism of the costly
heterologous metabolic burden if the deleterious mutations occur in the engineered device
(Figure 1D) [18,26] or the host chromosome (Figure 1E) [21,27].

3. Strategies to enhance circuit stability

The simple model (Figure 1A, Egs 1&2) reveals two intervention strategies for enhancing
circuit stability. One is to delay or prevent the emergence of mutants (i.e., decreasing 7); the
other is to minimize the relative fitness benefit of mutants (i.e., reducing a). This concept is
reflected in recent efforts to increase stability that spans over diverse application contexts
and implementations.

3.1. Suppressing the emergence of circuit mutants

Several strategies have been used to delay or prevent the emergence of mutants, aiming to
reduce the failure rate n (Figure 2A, Eqgs. 1&2). These approaches include implementing the
circuit on the host genome, reducing the host background mutation rate, reducing the
population size, and by exploiting external ecological intervention (Figure 2).
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Genomic integration of a circuit precludes segregation error-mediated circuit loss (Figure
1B). This strategy has been shown to enhance the long-term stability of a number of circuits
[7,28,29]. In metabolic engineering, heterologous genes are frequently integrated in host
chromosome to enhance genetic stability and enable antibiotic-free large-scale fermentation
[6,7]. Optimizing the integration location can further enhance the circuit integrity. Recent
studies have also suggested that using mobilizable plasmids may compensate for plasmid
loss in a population. In particular, if a plasmid can transfer at a sufficiently fast rate, it can be
maintained in the absence of positive selection [30].

An alternative approach is to optimize the host to reduce its mutation rate. Since a major
source of mutations that cause loss of circuit function is transposable elements or insertion
sequences (IS), removing these elements has been shown to reduce the background mutation
rate in £. coli (Figure 2C) [24,25,31-33]. Several studies have demonstrated enhanced
stability of circuits by implementing in different reduced-genome strains [7,16] or by
directly targeting IS [34]. For instance, Chan et al. demonstrated a drastic improvement of
the stability of a toxin-mediated biocontainment system: the 1S-mediated circuit failure rate
was curtailed by 103-10° fold when the circuit was implemented in a reduced-genome £.
colfstrain [16]. Similarly, the deletion of genomic islands and mobile DNA elements in
Pseudomonas putida KT2440 [35] and Acinetobacter baylyi ADP1 genomes [25,33]
significantly increased genetic reliability.

The host can also be optimized to be more tolerant to a specific heterologous system via
directed evolution. In particular, engineered cells are repeatedly selected for subpopulations
that produce target proteins at a high level while maintaining a fast growth rate (Figure 2C)
[28,36]. This approach has identified £. coli with reduced mutation rates. In a study that
chose fluorescence protein expression level as the target phenotype, the optimized E. coli
cells adopted mutations in DNA polymerase | and RNase E, manifesting plasmid mutation
rates that are 6- to 30-fold lower compared to the parental strain [36].

Reducing the population size can suppress the emergence of mutants in an engineered cell
population (Figure 2D) [5,7,37]. For the same per cell mutation rate, the probability of
having at least one mutant emerging increases with the population size [5,7,37]. Rugbjerg et
al. used modeling and experiments to demonstrate that the final population in an industrial-
scale fermenter was composed of 96% non-producer cells, but only 3% in a lab-scale culture
[7]. To this end, minimized culture, such as microfluidic devices [37] or microencapsulation
[5], can help preventing escape mutants as compared to large batch culture. The distribution
of an engineered population into spatially-segregated compartments provides an additional
benefit: when a mutant emerges, it is confined in a local community and it will not overtake
the entire population [5].

Finally, ecological interactions can be exploited to reduce the probability of mutants arising.
For example, Liao et al. demonstrated this notion by extending a population controller [15]
into three engineered populations (R, P, and S) forming a rock-paper-scissors logic (Figure
2E) [38]. Each population carries a circuit to program autonomous population control. In
addition, each can eliminate another in a mixture: P kills R, S kills P, and R kills S. By itself,
each population is prone to being taken over by a mutant that has lost the population-control
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function. Before this happens, however, another population can be introduced to eliminate
the previous population. Cycling through the three populations at the right pace can thus
periodically reboot the common circuit function (population control), while suppressing
emergence of escaping mutants [38].

Reducing the relative advantage of circuit mutants

In general, the emergence of an escaping mutant is inevitable given enough time or a
sufficiently large population. The second strategy to prevent a mutant’s dominance is to
reduce its advantage relative to that of the wild type (Figure 3A), corresponding to reducing
a (Figure 1E, Egs 1&2). This reduction can be achieved by reducing the burden (increasing
Uy or toxicity (reducing &) of circuit activation, reducing the benefit of losing circuit
function (reducing ty,), or penalizing the mutant (increasing &y).

Tuning the synthetic gene expression level is one method to reduce the burden [14] (Figure
3B). Studies avoided overloading the host metabolism by reducing unnecessary
transcriptional [39] and translational activities [14] or by reducing circuit copy number,
which can be achieved by using low-copy plasmids (Figure 3B) [40] or chromosome
integration (Figure 2B) [27,41]. Genome-integrated circuits can impose less burden
compared to the plasmid-encoded counterpart, even if their copy numbers are similar
[39,41]. This notion is related to the observations that genome-integrated genes often have
lower basal expression level [29,41].

However, reducing the circuit copy number can be a double-edged sword. Although a low
copy number reduces the chance of burden-driven circuit failure, a high copy number may
better conserve the circuit function when failure occurs [8,26,29]. If the device is duplicated
in multiple independent integration sites on the host chromosome, the host cell has to break
all copies to lose the circuit function completely [7,8,28,29]. To this end, Caliando and Voigt
increased the copy numbers of arabinose repressor and cas genes to inhibit their complete
loss-of-function over several months[29].

Another method of avoiding an excess of synthetic circuit-derived stress is to implement an
inducible or dynamic control [2,3,8,26,29]. Such on-demand production restricts the
burdensome and toxic protein production to be active only when needed. Riglar et al.
genomically integrated their engineered construct, which was activated in the presence of
tetrathionate, a signal for inflammation in the gut [42]. Their circuit remained genetically
stable for 6 months under both a continuous induction and infection-inducible inflammation
in two different murine models. Ceroni et al. developed a burden-driven gene expression
regulation system, where the target protein production rate is negatively regulated by the
increasing host burden via dCas9-mediated feedback regulation [43]. Their design ensures
that the host does not experience excessive metabolic stress caused by circuit activation.

The toxin-antitoxin (TA) system is a common mechanism found in nature that augments
plasmid prevalence. Because the antitoxin degrades more rapidly than the toxin, the
plasmid-free daughter cells are targeted via post-segregational killing (Figure 3B) [44].
Several studies have exploited the TA mechanism to enhance the long-term stability of their
engineered plasmids [2,3,9,20]. For example, Danino et al. applied a two-pronged approach
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to maintaining the stability of programmable probiotics for cancer detection in urine in mice
[9]. To prevent segregation error, their construct consists of a /#0klsok TA system, as well as
actin-like protein (ALP). ALP produces cytoskeletal structures to promote the bipolar
distribution of plasmids during cell division, reducing the probability of segregation errors
[9]. Combining the TA system with bacteriocins can improve the plasmid stabilization. The
hok/sok system was used in conjugation with microcin-V, a bacteriocin, that is secreted into
the environment providing population level control by killing plasmid-free cells [20]. The
efficacy of this approach was demonstrated in murine tumor xenograft model to demonstrate
plasmid stability in an /n vivo application [20].

Gallagher et al. used an EcoRI endonuclease-EcoRI methylase pair to implement an
analogous safeguard mechanism, where EcoRI methylase protects the host from the
nuclease-mediated cell death only in the presence of exogenously supplemented synthetic
signal [26]. This approach, when layered with riboregulation of essential genes, reduced the
frequency of escape mutants to <1.3 x10712 over 110 generations as compared to ~1076 for
all of the initial ribo-essential strains. In another study, a different type of endonuclease,
Cas9, was used to selectively kill mutants carrying known genomic single nucleotide
polymorphism mutations using complementary guide-RNAs [45].

Biphasic regulation of a target gene can enhance circuit stability when implemented with a
paradoxical regulatory motif. In paradoxical regulation, an input signal promotes both
growth and death. Once genetic variants lose stable control of intracellular homeostasis, they
are penalized with a significant growth defect [46]. In human tissues, a transcriptional factor
c-Myc paradoxically induces apoptosis as part of the intrinsic mutant prevention strategy for
tumor suppression [46]. Ma et al. recently applied this motif to a population control circuit
in a mammalian system, in which the toxin was induced by a quorum-sensing molecule,
auxin. They demonstrated that the paradoxical control suppressed mutants that lost the
engineered auxin sensing module, thus enhancing circuit stability (Y Ma et al., bioRxiv doi:
10.1101/2020.09.02.278564).

A target gene encoding a burdensome or toxic protein can also be entangled with a survival
gene by using an overlapping sequence. As such, loss or interruption of the target gene can
cause death by simultaneously breaking the survival gene (Figure 3D). The role of genetic
entanglement in enhancing genetic fidelity has been recognized in a number of natural
systems [47,48]. Blazejewski et al. recently demonstrated the use of this strategy to enhance
genetic stability of engineered systems [48]. The investigators used computational methods
to design de novo overlapping sequences to entangle their gene of interest with an essential
gene. Their design restricts evolution of the target gene, as even a synonymous mutation can
detrimentally influence the host fitness [48]. This entanglement can also be applied to
regulatory elements. Yang et al. constructed a bidirectional promoter, in which the forward
and reverse promoters are overlapped. They demonstrated a four- to ten-fold increase in the
evolutionary half-life of their target gene when an essential gene and the target gene were
expressed from either side of this bidirectional promoter [23].

The exogeneous gene expression can also be coupled with host fitness by locating the circuit
in the same orientation between host essential genes. Consequently, the integrated genes are
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less prone to complete loss via recombination, which leads to cell death [8]. However, this is
not universally true, as the host transcription and circuit performance can interfere with each
other depending on the genome location, thus reducing circuit integrity and host fitness [39].
Another approach is to express an essential gene under a promoter that is inducible by the
target synthetic protein (Figure 3D). This “synthetic addiction” strategy penalizes escape
mutants lacking functional target protein [4].

Synthetic auxotrophs are frequently used as a method of biocontainment. The host essential
genes are recoded to incorporate non-standard amino acids (NSAA). These strains are
hindered from escaping the programmed containment, as losing the engineered features will
result in death in the absence of the environmentally supplemented NSAAs [27,49].

4. Conclusion

“The optimist invents the aeroplane, the pessimist the parachute.”

— George Bernard Shaw

In the backdrop of the extensive efforts to generate new circuit functions and expand the
scope of their applications, there have been limited endeavors to develop strategies for
enhanced circuit stability. Yet, being able to ensure long-term operation of a circuit has
implications both for practical applications (as noted above) and for basic understanding of
biology. For instance, many microbes undergo autonomous lysis at high densities [50],
which has inspired the engineering of a population controller and its variants. That this
phenomenon persists over evolutionary time scales begs the question of how nature is able to
maintain the genetic stability of the underlying circuit. Analysis of corresponding
engineered circuits can provide insights into the understanding their natural system.

Examples presented here reveal a set of design patterns that are rooted in modulating the
evolutionary dynamics between the functional and mutant populations. In many cases,
however, while the design choices are appropriate, quantitative analysis of the efficacy of
circuit stabilization by each chosen strategy is generally lacking. In certain cases, tradeoff
exists such that a design can either enhance or reduce the stability of a circuit. Filling this
gap through systematic modeling and experiments represents a major frontier in synthetic
biology. We anticipate that these efforts will benefit from drawing inspiration for molecular
implementations from a myriad of natural systems and from theories and conceptual
frameworks rooted in ecology and evolutionary biology.
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Figure 1. Modes of circuit failure.
(A) Dynamics of circuit failure. The wildtype population (W) can lose the programmed

function at a rate 7( ), giving rise to a mutant (M). Each population grows at a specific
growth rate (x;) and is eliminated at death rate (&), where /= W or M. The stability of the
circuit in the overall population depends on the magnitudes of the kinetic parameters, which
are determined by modes of circuit failure and intervention strategies.

(B) Segregation error. If the designed construct is implemented on the plasmid, segregation
error can lead to a subpopulation of cells not carrying the circuit.

(C) DNA recombination. Recombination can occur between different regions of
chromosome or plasmids, leading to physical disruption of a circuit.

(D, E) Spontaneous mutations. These mutations can disrupt a circuit element or a host
element required for circuit operation.
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Figure 2. Delaying or preventing the emergence of mutants.
(A) Schematic illustration.

(B) Genome integration. Integration into the genome avoids circuit loss due to plasmid
segregation error. It can also reduce the advantage of a mutant if it appears (see Strategy 2).
(C) Reducing the host mutation rate. This can be achieved by ( 7gp) removing
transposable elements and IS elements and by (Bottorm) optimizing the host for a specific
circuit by directed evolution.

(D) Reducing the local population size. Enclosing the cells into smaller culture
compartments, such as microfluidics, microwells, or microcapsules, reduces the probability
by which a mutant can emerge in a local population.

(E) External ecological intervention. Before a mutant emerges, one can eliminate the
current population with another carrying the same circuit function. Cycling through different
populations allows prevention of mutants while maintaining a common circuit function.
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Figure 3. Reducing the growth advantage of a mutants.
(A) Schematic illustration.

(B) Reducing circuit-mediated metabolic burden, by reducing circuit copy number and
on-demand circuit activation.

(C) Targeted killing of mutants. (70p) The toxin-antitoxin system induces cell death in the
plasmid-free subpopulation that emerges due to plasmid segregation error. Toxin-producing
host strain can survive only if carrying the plasmid encoding antitoxin. Once the cell loses
the plasmid, toxin kills the host. (Bottom) A paradoxical circuit design, in which the same
signal induces both cell growth and death, results in a biphasic effect of overall growth that
depends on the signal intensity. In low-signal environments, cells with mutations that reduce
their sensitivity to this signal are inherently selected against in this system, disfavoring the
survival of such mutants.

(D) Direct coupling of circuit activation to survival. (7gp) A gene of interest (GOI) and a
survival gene is entangled by using an overlapping sequence; disruption of the GOI also
disrupts the survival gene. (Bottom) Expression of a survival gene depends on the expression
of the GOI; disruption of the latter would eliminate expression of the survival gene.
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