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Genetic “expiry-date” circuits control lifespan of synthetic
scavenger bacteria for safe bioremediation
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Abstract

Synthetic biology enabled the systematic engineering of bacteria for diverse applications, but their deployment in open environments raises
concerns about their persistence and unintended ecological impacts. To address these challenges, genetic “expiry-date” circuits were designed
to impose a tunable lifespan on bacteria. These circuits, structured as a feedforward activation network, regulate the timing of cell death by
controlling the expression of Lysis E, enabling a programmed lifespan ranging from hours to days. The lifespan can be tailored by modifying
the number of activation steps in the cascade. The circuits were optimized by reducing gene expression leakiness of Lysis E using a synthetic
small regulatory RNA and combining it with an asd-based auxotrophic system. The bacteria harboring the “expiry-date” circuits resulted in a
GMO escape rate below U.S. NIH release standards (<107'). To validate the practical applicability of this system, a synthetic phenol-scavenging
Escherichia coli was constructed, which possessed enhanced phenol tolerance and phenol-detoxification capability, and harbored the “expiry-
date” circuits. The engineered bacteria detoxified 0.1 g/kg of phenol in soil within 4 days and self-destructed by day 5. These results support
the circuit’s potential as a biocontainment strategy for the safe and controlled deployment of synthetic bacteria in real-world applications.
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Introduction thetic genetic circuits in an orchestrated and finely con-
In recent years, the robust development of synthetic biol-  trolled manner [1-3]. These advancements have facilitated
ogy has enabled the deciphering and redesigning of cel-  the utilization of synthetic bacteria in diverse biotechnol-
lular systems in biotechnology. Genetic tools developed in ogy fields such as biorefineries, drug delivery [4, 5], bio-
synthetic biology allow for the redesign of metabolic path- materials fabrication [6, 7], bioremediation [8, 9], etc.

ways and the regulation of these pathways through syn- [10-13].
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The employment of synthetic bacteria in biomedical and
biotechnological applications raises ongoing concerns. These
concerns stem from the potential harm they might pose to
indigenous microbes and other living organisms, including
humans, as well as the potential disruption of ecosystems
through unintended growth [14]. The release of engineered
synthetic bacteria into the human body for biomedical pur-
poses exemplifies these issues. For example, therapeutic syn-
thetic bacteria could proliferate uncontrollably within the hu-
man body, releasing toxic by-products and potentially caus-
ing sepsis [15]. Therefore, it is imperative that therapeutic
bacteria are effectively eliminated after completing their pro-
grammed mission [16—18]. Similarly, the deployment of syn-
thetic bacteria for bioremediation in open environments raises
concerns about unintended environmental risks. While nu-
merous studies have focused on engineering environmentally
friendly strains [19], they may not fully address the need for
robust biocontainment strategies to prevent the unintended
spread of engineered bacteria. Their uncontrolled prolifera-
tion in contaminated areas could disrupt ecosystems by out-
competing native microbial populations [20].

To address these challenges, several biocontainment strate-
gies have been implemented to prevent the unintended pro-
liferation of synthetic bacteria. Previous studies have utilized
genetic circuits to regulate the expression of essential genes
[21] or toxin genes under defined conditions [22]. Upon the
loss of permissive conditions, these circuits either suppress es-
sential gene expression or activate toxin gene expression, lead-
ing to cell death. Notable examples of such strategies include
CRISPR-Cas9 kill switches [23], synthetic auxotrophic strains
reliant on specific compounds [24-26], or a combination of
both approaches [27].

These pioneering methods, however, face significant chal-
lenges, including regulatory leakiness [28] and environmental
instability [29], which may compromise their reliability. Fur-
thermore, their practical application outside laboratory set-
tings remains limited as they often require human intervention
and external stimuli (such as chemical or physical inducers) to
trigger cell death [21, 23, 30-34]. Moreover, the constrained
scalability of these strategies hinders their ability to provide
synthetic bacteria with diverse, tunable lifespans. Therefore,
developing a robust and easily expandable genetic system
to control bacterial lifespan or impose an “expiry-date” is
essential.

In this study, we constructed a genetic “expiry-date” circuit
that triggers a self-destruct sequence upon deployment in open
environments. This circuit consists of a series of transcrip-
tional activation steps, ultimately leading to the expression of
a self-destruct gene. In laboratory settings, this cascade is in-
hibited by a chemical blocker, but once released into an envi-
ronment where the blocker is absent, the sequence is initiated.
The lifespan of synthetic bacteria is controlled by the num-
ber of transcriptional activation steps, allowing for tunable
time delays. To demonstrate this approach, we constructed
three genetic “expiry-date” circuits with different lifespans:
short, intermediate, and long “expiry-date” networks. In en-
gineered Escherichia coli (E. coli), the programmed lifespan
ranged from several hours to several days, depending on ini-
tial cell density and environmental conditions, including M9
media for in vivo validation and nutrient-poor soil for ex situ
validation.

For the practical application of the genetic “expiry-date”
circuit, we developed a synthetic scavenger E. coli capable

of degrading phenol pollutants [35], even at high concentra-
tions. Bacteria play an increasingly important role in bioreme-
diation, providing a sustainable alternative to chemical meth-
ods for pollutant degradation. Compared with chemical treat-
ments, biological approaches using microbes often require
fewer resources and generate fewer secondary pollutants,
making them more environmentally friendly. Due to safety
concerns, previous phenol bioremediation efforts have pri-
marily relied on naturally occurring bacteria [36-40]. How-
ever, most of these attempts have largely been ineffective, as
most natural strains prioritize survival in toxic environments
over efficient contaminant removal. While there is a continu-
ous demand for engineered bacteria with enhanced bioreme-
diation efficiency, concerns over the environmental risks of re-
leasing synthetic organisms have hindered their real-world ap-
plications. To address these biosafety challenges, we integrated
the genetic “expiry-date” circuit into the phenol-degrading
synthetic scavenger E. coli, enabling its programmed self-
elimination after a defined lifespan. When equipped with an
intermediate “expiry-date” circuit, the synthetic scavenger E.
coli successfully degraded 0.1 g/kg of phenol in soil and
became undetectable after 5 days, confirming complete re-
moval. The modular and flexible nature of this genetic circuit
makes it highly adaptable for industrial and biotherapeutic
applications.

Materials and methods

Strains, plasmids, media, and genome modification
We used E. coli NEB Turbo for conventional gene cloning.
Various E. coli strains—including BL21 (DE3), SURE,
LS5218,JM109, and MKO1—were evaluated for phenol toler-
ance. All strains were cultivated in Luria-Bertani (LB) medium
supplemented with appropriate antibiotics for phenol toler-
ance assays. For assessing genetic “expiry-date” circuits and
evaluating the phenol degradation efficiency of synthetic scav-
enger strains, we used M9 minimal medium supplemented
with 2 mM MgSQOy4, 100 uM CaCl,, 30 uM FeSO4, 1 mM
EDTA, 0.5% (w/v) glycerol, 0.2% (w/v) casamino acids, and
appropriate antibiotics. The antibiotics used included ampi-
cillin (100 pg/mL), chloramphenicol (34 pg/mL), kanamycin
(50 ug/mL), and spectinomycin (100 pg/mL).

We constructed meso-2,6-diaminopimelic acid (DAP)-
auxotrophic strains by disrupting the essential asd gene us-
ing the CRISPR RNA-guided integrase from the pSPIN sys-
tem (Addgene #160729) [41]. We supplemented the culture
medium with 0.1 mM DAP to grow DAP-auxotrophic strains.

Plasmid construction

To enhance phenol tolerance, we amplified the rpoD and secB
genes from the genome of E. coli DHS« and cloned them
into the pWA plasmid [42]. We generated mutant variants,
secB™%A and rpoD®’ via site-directed mutagenesis. For con-
structing a synthetic phenol-degradation metabolic pathway,
we cloned operons encoding pathway enzymes into plasmids
as follows: the cat operon (catB, catC, and catA1) from Pseu-
domonas putida KT2440 and the pheA2 and pheAl genes
from Rhodococcus erythropolis KCTC 3483 were cloned into
the pColE1 plasmid, while the pca operon (pcaF, pcaD, pcal,
and pcaf) from P. putida KT2440 was cloned into the p15A
plasmid. All these genes were expressed under the control of
a synthetic promoter (J23119).
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We cloned genes used for the genetic “expiry-date” circuits
from the genome of E. coli DHS «, the pZS1-ITIrLLtCL3 plas-
mid [43] (Addgene #26489), the pTD1031uxI-sfGFP plasmid
[44] (Addgene #48885), and the ePop plasmid [45] (Addgene
#50953). We introduced appropriate mutations into tran-
scription regulator genes via site-directed mutagenesis. The ge-
netic circuits were constructed in a pSC101 plasmid. To reduce
leaky expression of the lysis gene E, we designed a synthetic
anti-Lysis E sRNA (synthetic small regulatory RNA) as pre-
viously described [46]; the sSRNA gene was placed under the
control of the P01 promoter. For the growth of asd-deleted
E. coli strains without DAP supplementation, we amplified the
asd gene from E. coli genome and placed it under the control
of a weak promoter, J23106, to provide plasmid stabilization.
The sSRNA and asd gene were integrated into the pSC101 plas-
mid containing the genetic “expiry-date” circuit.

Evaluation of activity and inducer dependency of
transcriptional regulators

To assess the activity and inducer dependency of transcrip-
tional regulators (CI repressor, AraC activator, and LuxR ac-
tivator) and their variants (CI®7, CI*2, AraCY?, AraCT13H,
AraCV?™M LuxRA221V and LuxRAs_162), E. coli cells harbor-
ing the regulators and the egfp gene encoding Enhanced Green
Fluorescent Protein (EGFP) under the control of the respec-
tive promoters were grown overnight in LB medium. Cul-
tures were washed with sterilized phosphate-buffered saline
(PBS, pH 7.4) buffer and diluted to 1% in fresh M9 mini-
mal medium supplemented with appropriate antibiotics. The
cultures were incubated at 25°C and 230 rpm until reaching
an optical density at 600 nm (ODggg) of 0.4-0.5. Cells were
then induced with appropriate inducers for 12 h at 25°C and
230 rpm: 100 nM anhydrotetracycline (aTc) for testing CI re-
pressors with the Pr promoter, 0.2% L-arabinose for testing
AraC activators with the Pgap promoter, and 1000 nM N-
(3-oxohexanoyl) homoserine lactone (30C6-HSL) for testing
LuxR activators with the Py, promoter. After induction, 500
uL of cultures were collected, centrifuged at 7000 rpm for 10
min, washed twice, and resuspended with sterilized PBS. Cells
were diluted 1% (v/v) into fresh PBS for analysis. EGFP in-
tensity was measured using a Millipore Guava easyCyte High-
Throughput Flow Cytometer with a 488 nm excitation laser
and a 515 nm emission filter. At least 10 000 events were col-
lected per sample.

Functionality assay of genetic “expiry-date” circuits

Colonies of E. coli strains harboring plasmids with a genetic
“expiry-date” circuit were grown overnight in M9 minimal
medium supplemented with 100 nM aTc and appropriate an-
tibiotics at 25°C with shaking at 230 rpm until reaching an
ODgpo of 0.4-0.5. To initiate the genetic “expiry-date” cir-
cuits, cultures were washed four times with sterilized PBS to
remove residual aTc and diluted to an ODggg of 0.01 in fresh
M9 minimal medium with antibiotics.

For the kinetic growth assay, optical density at 600 nm was
measured every 30 min over 36 h using a Synergy" H1 hybrid
multi-mode microplate reader (BioTek) at 25°C with contin-
uous shaking. A 96-well plate with a transparent flat bottom
and adhesive film was used. The “death phase” was defined
as the point where the ODgo reached its maximum before
declining.

Synthetic circuits for lifespan control 3

For the survival ratio assay, samples from the kinetic growth
assay were collected at 12, 24, 36, and 48 h, serially diluted in
PBS, and plated onto LB agar containing 100 nM aTc. Plates
were incubated at 25°C for 40-48 h to enumerate colony-
forming units (CFUs). Survival ratios were calculated using
Equation (1):

CFU/mL without aTc)

L Survival ratio) = L
0gio(Survival ratio) 0g10 ( CFU,/mL with aTc

For long-term circuit stability testing, cells were passaged
under survival conditions (100 nM aTc) for 14 times. Every 24
h, diluted cells (100-fold) were transferred to fresh media and
incubated for another 24 h. Every 48 h, CFU was quantified
to assess circuit stability by incubating cells in the presence or
absence of aTc.

Phenol tolerance assay

Phenol tolerance was assessed by measuring the growth of E.
coli strains in LB medium containing varying concentrations
of phenol (0, 0.25, 0.5, 1.0, 1.5, and 2.0 g/L). Five E. coli
strains—BL21 (DE3), SURE, LS5218, JM109, and MK01—
were inoculated into LB medium and incubated overnight at
37°C with shaking at 230 rpm. The overnight cultures were
then diluted 1% (v/v) into fresh LB medium and incubated
under the same conditions until the ODyg reached 0.4-0.5.

For phenol tolerance testing, each strain was exposed to the
specified phenol concentrations in LB medium. Growth was
monitored at 30-min intervals over 24 h using a Synergy™
H1 hybrid multi-mode microplate reader (BioTek, Vermont,
USA) at 25°C in a 96-well plate format. Phenol tolerance was
determined by comparing growth in the presence and absence
of phenol, calculated using Equation (2):

Phenol tolerance(%) =

(ODggo at 24h — ODggg at Oh) in the presence of phenol
(ODgpp at 24h — ODgqp at Oh) in the absence of phenol

x100 (2)

Additionally, the growth rate (i) of strains during the ex-
ponential phase was calculated using Equation (3):

_ InOD; —InOD;
B =1

(3)

where #; and #, are two sampling time points, and OD; and
OD, are the respective optical densities at 600 nm [47].

Phenol tolerance assays for the engineered MKO1 strains
expressing oD, secBT194 or both proteins were conducted
under the same conditions as those for the various E. coli
strains.

Phenol biodegradation assay

For the phenol biodegradation assay conducted in flasks, seed
cultures of the strain harboring the plasmids for the phenol-
degrading pathway and rpoD® were grown overnight in LB
medium at 37°C with shaking at 230 rpm. After incuba-
tion, the cultures were washed with sterilized PBS and resus-
pended to an ODggp of 2.0 in 100 mL of fresh M9 minimal
medium with appropriate antibiotics. Various phenol concen-
trations (0.1, 0.3, 0.5, 1.0, and 1.5 g/L) were then introduced
to evaluate the biodegradation capabilities of the transformed
strains. The cultures were incubated at 25°C with shaking at
230 rpm. Samples were collected periodically to monitor both
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cell growth and residual phenol concentration. After sam-
pling, cultures were centrifuged, and the cell-free supernatants
were analyzed for residual phenol concentration using high-
performance liquid chromatography (HPLC).

Estimation of the time for complete phenol
degradation

To estimate the time required for complete phenol degrada-
tion at higher concentrations (1.0 and 1.5 g/L) using the E.
coli MKO1 strain, we fitted the measured phenol concentra-
tions and corresponding degradation times to linear regres-
sion models. For 1.0 g/L phenol, the extrapolated time for

complete phenol elimination was determined using Equation
(4):

y = —0.006420x + 0.9426(R% = 0.7873) (4)

Similarly, for 1.5 g/L phenol, the extrapolated time was cal-
culated using Equation (35):

y = —0.007598x + 1.466(R* = 0.9366) (5)

In vivo assay of genetic “expiry-date” circuits in
phenol-degrading E. coli MKO01

Seed cultures of phenol-degrading E. coli MKO01Aasd
strains harboring genetic “expiry-date” circuits were grown
overnight in 5 mL of M9 minimal medium at 25°C with
shaking at 230 rpm, supplemented with 100 nM aTc. Cul-
tures were harvested by centrifugation at 7000 rpm for 15
min, washed four times with sterilized PBS buffer to remove
residual aTc, and resuspended to an ODggg of 2.0 in 100 mL
of fresh M9 minimal medium in flasks. To maintain plas-
mids, antibiotics were added to the medium: chloramphenicol
(34 ug/mL), ampicillin (100 pg/mL), kanamycin (50 pg/mL),
and spectinomycin (100 pg/mL). Various phenol concentra-
tions (0.1, 0.3, and 0.5 g/L) were introduced to evaluate the
biodegradation capabilities of the synthetic phenol scavengers
at 25°C with shaking at 230 rpm. One milliliter of culture was
collected every 2 h, centrifuged, and the supernatant was re-
tained for phenol analysis to enable detailed tracking of degra-
dation over time. To assess viable cell counts, 100 uL of cul-
ture was collected every 6 h, serially diluted in sterilized PBS,
and spread on LB agar plates supplemented with 100 nM aTc
and appropriate antibiotics. Plates were incubated at 25°C for
40-48 h, and colonies were enumerated. The viable cell count
was calculated as logyy (CFU/mL) for each sample.

Ex situ bioremediation assay

The ex situ bioremediation assay was conducted using natural
soil sourced from Northern Aggregate in Daegu, Korea. To
confirm the absence of phenol in the purchased soil samples,
1 g of soil was suspended in 1 mL of sterilized deionized water
ina 15 mL conical tube. The tube was vortexed for 1 min and
centrifuged at 4000 rpm for 15 min. After centrifugation, 1
mL of the supernatant was collected, filtered through a 0.22
pum filter, and analyzed for phenol content using HPLC. To
eliminate interference from indigenous microorganisms, the
soil was sterilized by autoclaving at 121°C and 1.4 bar for 2 h.
This sterilization process was repeated three times over 48 h to
ensure complete elimination of native microbial communities.

A phenol stock solution (50 g/L) was diluted by adding 5
mL into 95 mL of sterilized distilled water. This diluted solu-
tion was used to contaminate 2.5 kg of sterilized soil, achiev-

ing a target phenol concentration of 0.1 g/kg soil, correspond-
ing to moderate contamination levels typically observed in
natural soil or groundwater [48]. Phenol loading was con-
firmed using HPLC. The contaminated soil was divided into
200 g samples in Duran bottles for each treatment.

Each strain was cultivated overnight in § mL of M9 mini-
mal medium supplemented with 100 nM aTc at room temper-
ature with shaking at 230 rpm. Cultures were pelleted by cen-
trifugation at 7000 rpm for 15 min, washed four times with
PBS to remove residual aTc and trigger the genetic “expiry-
date” circuits, and resuspended in fresh PBS to a final den-
sity of 107 CFU/g soil, ensuring sufficient bacterial deploy-
ment for standard ex situ soil bioremediation assays [49, 50].
For the control (E. coli MKO1Aasd without any plasmids),
0.1 mM DAP was added to the soil to support cell viabil-
ity. Uninoculated Duran bottles were maintained as abiotic
controls. The soil moisture content was adjusted to 60% of
the water-holding capacity to facilitate aerobic biodegrada-
tion [51]. The Duran bottles were thoroughly mixed, sealed,
and incubated at 25°C for 30 days.

One gram of soil was collected periodically to analyze resid-
ual phenol concentrations and viable cell counts, following a
previous protocol [52]. Each soil sample was homogenized in
9 mL of PBS and vortexed at maximum speed (3000 rpm) for 5
min. To disaggregate soil particles and release microbial cells,
the falcon conical tubes containing samples were then mildly
sonicated in an ultrasonic bath (Branson Ultrasonics CPS se-
ries) for 3 min [52]. After sonication, samples were centrifuged
at 2000 rpm for 15 min at 4°C to separate bacterial cells from
the soil matrix. The supernatant was serially diluted in steril-
ized PBS and plated onto LB agar supplemented with the ap-
propriate antibiotics and 100 nM aTc. Plates were incubated
at room temperature for 40—48 h, and colonies were counted.
CFU/g dry soil was calculated as described previously [53].
Soil samples were also collected after 14, 21, and 30 days to
confirm the persistence or elimination of the synthetic phenol
scavenger.

HPLC analysis for phenol measurement

One milliliter of microbial culture was centrifuged at 8000
rpm for 10 min at 4°C to remove cellular debris. Subsequently,
500 pL of the supernatant was collected, filtered through a
0.22 um filter, and either analyzed immediately or stored at —
80°C for later analysis. Phenol quantification was performed
using an Agilent Poroshell 120 EC-C18 column (3 x 150 mm,
2.7 um) at 25°C. Phenol peaks were detected at 254 nm us-
ing an ultraviolet spectrophotometric detector (Agilent 1100
VWD). The flow rate was maintained at 0.5 mL/min, and the
mobile phase consisted of a 50:50 (v/v) mixture of acetonitrile
and distilled water.

Statistical analysis

Replicates were plotted using the average, and error bars rep-
resent the standard deviation of the mean. Statistical signifi-
cance was evaluated using Student’s ¢-test. Regression analy-

sis and graph plotting were conducted using GraphPad Prism
v9.5 (GraphPad Software, Inc.).

Results

In this study, we aimed to develop genetic “expiry-date” cir-
cuits to ensure self-destruction of genetically engineered E. coli
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Figure 1. Development of a genetic, time-dependent self-destruction system and its application in a synthetic phenol-scavenging E. coli. (A) Genetic
"expiry-date” circuits were developed to regulate the bacterial lifespan using a feedforward activation network. (B) In parallel, a synthetic
phenol-degradation pathway was constructed to convert phenol into biomass through the TCA cycle. (C) When deployed, the engineered E. coli strain
equipped with both the degradation pathway and the genetic “expiry-date” circuit successfully performed efficient phenol bioremediation, followed by

autonomous self-elimination.

strain, which can detoxify phenol efficiently as a proof of con-
cept (Fig. 1). To achieve this goal, we first designed and charac-
terized feedforward network-based genetic “expiry-date” cir-
cuits to control the lifespan of the synthetic bacteria. Next, we
constructed a synthetic phenol degradation pathway and in-
troduced the pathway with the genetic “expiry-date” circuits
into E. coli, creating synthetic scavenger bacteria for phenol
bioremediation. Finally, we assessed both phenol degradation
efficiency and programmed self-destruction of the engineered
bacteria in laboratory and soil environments.

Design of feedforward network-based genetic
“expiry-date” circuits and their mathematical
simulation

We developed three synthetic genetic circuits that function as
“expiry-date” mechanisms, designed to eliminate the host or-
ganism after a predetermined duration (Fig. 2A). These cir-
cuits utilize feedforward networks, which consist of two re-
pressors and a variable number of activators. We integrated
two consecutive repressors to eliminate the need for exter-
nal inducers to trigger the feedforward cascade, ensuring au-
tonomous operation in an open environment. The number of
activators in the network determines the lifespan of the host
bacteria. As illustrated in Fig. 2A, the first repressor Ry is
constitutively expressed, while the second repressor R, is re-
pressed by Ry. Under permissive conditions, the inducer binds
to Ry, inhibiting its repressive activity. This allows R, to be
expressed, which in turn blocks the downstream feedforward
cascade, preventing expression of the cell-killing protein K and
allowing the cells to survive. In nonpermissive conditions—
such as in open environments without the inducer—R; con-
stitutively represses R, expression. As R, levels decline over
time, the feedforward cascade (A; and A,) becomes activated,
ultimately triggering the production of the cell-killing protein
K and leading to cell death.

The development of a mathematical model to simulate
these theoretical genetic “expiry-date” circuits is detailed
in Supplementary Fig. S1. Model construction and reac-
tion parameters are provided in Supplementary Text S1 and
Supplementary Table S1. To account for gene expression
noise and cellular fluctuations, we stochastically simulated
the models using the GillesPy2 Python library (https:/pypi.
org/project/gillespy2), which implements the Gillespie algo-
rithm [54]. To replicate cell population heterogeneity, we ini-
tiated the simulation with 200 cells in varying states, such
as different initial growth stages, and repeated the simulation
100 times.

Cells containing one of the three circuits—short, interme-
diate, or long “expiry-date”—were predicted to be eliminated
in a specific order based on the time delay associated with the
number of steps in the feedforward network (Fig. 2B). The av-
erage lifespans of these populations are presented in Fig. 2C.
These results indicate that the designed genetic circuits can im-
pose a predefined lifespan, making them suitable for assigning
a programmed expiry date to synthetic bacteria.

To implement these genetic “expiry-date” circuits in real-
world settings and simulate the realistic circuits, we used two
repressors (TetR and CI), two transcriptional activators (AraC
and LuxR), and Lysis E [55] for induced cell death (Fig. 2D).In
cells harboring the short “expiry-date” circuit, the presence of
aTc during laboratory incubation induces expression of the re-
pressor CI, which inhibits production of the lytic protein Lysis
E.In the absence of aTc—such as in an open environment—CI
is naturally degraded, allowing Lysis E expression to initiate
and ultimately inducing cell death. Similarly, in cells harboring
the long “expiry-date” circuit, the circuit remains inactive in
the presence of aTc. Upon removal of aTc, after CI degrades,
the first transcription activator AraC is produced, triggering
the production of the second activator LuxR. LuxR then ac-
tivates Lysis E expression, leading to cell death. The distinc-
tion between the intermediate and long “expiry-date” circuits
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Figure 2. Schematics of genetic “expiry-date” circuits and mathematical simulation results. (A) Diagrams of theoretical genetic “expiry-date” circuits
designed to control the lifespan of E. coli. The circuit architecture is a transcriptional cascade composed of two repressors (R1 and Ry), two activators
(Ay and A), and a terminal cell-killing protein (K). The circuit's function is governed by a transcriptional cascade involving two repressors (Ry and Ry), two
activators (A and A), and a terminal cell-killing protein (K). The circuit's state is determined by an external inducer. In permissive conditions, the
presence of the inducer inhibits Ry, which in turn allows for the expression of R,. This R, protein then suppresses the downstream cascade, preventing
the production of the killing protein and ensuring cell survival. Conversely, in the absence of the inducer, an active Ry represses R, expression. This
de-represses the downstream cascade, leading to the sequential activation of A; and A,, which ultimately triggers expression of the killing protein K and
results in cell death. (B and C) Stochastic simulation results for the three theoretical genetic “expiry-date” circuits: (B) bacterial population over time and
(C) average lifespan. (D) Diagrams of realistic genetic “expiry-date” circuits deploying the transcriptional repressors TetR and Cl, activators AraC and
LuxR, and the cell-killing protein Lysis E. The circuit’s function is governed by the presence of aTc. In the presence of aTc, the inducer inactivates the
TetR repressor, permitting the expression of Cl from the P 0.1 promoter. Cl subsequently blocks the downstream cell-death pathway, ensuring cell
survival. Conversely, in the absence of aTc, TetR actively represses Cl expression. The resulting depletion of Cl relieves repression of the downstream
cascade, enabling sequential activation by AraC and LuxR, which ultimately induces the expression of Lysis E and triggers cell elimination. (E and F)
Stochastic simulation results for the three realistic genetic “expiry-date” circuits: (E) bacterial population over time and (F) average lifespan. In (A) and
(D), dashed rectangles represent the genetic components and reactions modeled for simulation (Supplementary Text S1, Supplementary Figs S1 and
S2, Supplementary Tables S1 and S2). Statistical significance among circuits was determined by Student's t-test; asterisks indicate P-values:

**¥*P < 0.001. Error bars represent the standard deviation of the mean (n = 20 000).

lies in the number of feedforward transcriptional activation  in growth was attributed to the timely expression of the
steps. The short “expiry-date” provides the shortest lifespan,  cell-killing protein Lysis E. Interestingly, cells with the long
while the long “expiry-date” confers the longest. The modu- “expiry-date” circuit avoided cell death. This was due to in-
larity of this feedforward network allows precise control over  sufficient production of Lysis E, resulting from the compara-
the timing of Lysis E expression—and therefore the lifespan  tively weak Ppap promoter in the middle of the feedforward
of the host organism—by adjusting the number of transcrip-  network. Additionally, dilution of Lysis E due to cell division
tional steps. further impeded its accumulation, hindering cell death. When

To assess the functionality of the practical circuit designs, ~ we increased the promoter strength to a level similar to that
we developed additional mathematical models for the short,  of the P promoter in the mathematical simulation, the long
intermediate, and long “expiry-date” circuits (Supplementary “expiry-date” circuit successfully showed an extended growth
Fig. S2). Detailed model construction and reaction parameters  period compared with the intermediate circuit, and the cells ul-
are provided in Supplementary Text S1 and Supplementary timately underwent cell death (Supplementary Fig. S3). This
Table S2. The primary differences between the realistic cir- highlights the delicate balance between promoter strength,

cuits and the theoretical ones are a significantly longer dou-  gene expression, and cellular processes, offering insight into
bling time (8 h), resulting in slower reaction rates [56-58], and potential adjustments needed for more effective circuit design.
variable promoter strengths, with strong Pg, intermediate P, Due to inherent gene expression variability, individual cells
and relatively weak Ppap promoters (Supplementary Text S1). died at slightly different times, with some dying earlier and

As shown in Fig. 2E, synthetic bacteria harboring the short,  others later than expected. Nevertheless, the average growth
intermediate, or long “expiry-date” circuits were predicted to profiles clearly differed among the short, intermediate, and
display distinct growth profiles. As expected, cells with the  long “expiry-date” circuits. When comparing the circuits’ av-
short circuit exhibited the earliest reduction in growth, fol- erage lifespans—the time until death—there was a significant
lowed by those with the intermediate circuit. The decrease  difference among the circuits (Fig. 2F). The predicted lifespans
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for the short and intermediate circuits were 10 and 20 h, re-
spectively. As noted, the long circuit did not induce cell death
entirely, so cells with this circuit did not have a defined lifes-
pan. Our mathematical simulations demonstrate that the de-
signed circuits can effectively impose distinct lifespans on syn-
thetic bacteria, providing a controlled “expiry-date” for their
use in open environments. Additionally, the models can be uti-
lized to optimize the circuits, ensuring reliable execution of
programmed tasks.

Implementation of the designed genetic
“expiry-date” circuits with different lifespans

To evaluate the reliability of each step in our genetic “expiry-
date” circuits, we investigated mutant forms of CI, LuxR, and
AraC to ensure tight inhibition and reliable triggering of the
feedforward network. We first tested three variants of the CI
repressor: wild-type CI, CI®*7 [43], and CI®? [59]. These vari-
ants were expressed under the control of the Py ;0.1 promoter,
and EGFP expression, driven by the Pgx promoter, was mea-
sured in media with or without aTc to identify the most ef-
fective CI variant (Fig. 3A). The wild-type CI exhibited strong
repression of EGFP expression regardless of the presence of
aTc, indicating it would not activate the genetic circuit at
all. In contrast, the mutant forms enabled EGFP production,
with CI®? showing the lowest background expression and the
strongest activation. Based on these results, we selected CI*?
as a key component of our genetic “expiry-date” circuits.

The transcriptional activators AraC and LuxR are nor-
mally activated by their respective inducers, L-arabinose and
the autoinducer 30C6-HSL. However, reliance on these en-
vironmental inducers could interfere with the function of the
genetic “expiry-date” circuits. To mitigate such interference,
we tested mutant forms of these transcriptional activators
that are insensitive to their inducers while retaining suffi-
cient activity to drive the feedforward network. As shown in
Fig. 3B, we evaluated three mutant forms of AraC—AraCMr,
AraC™3H and AraCV2°M_—based on their ability to activate
the Pgap promoter independently of L-arabinose. These mu-
tants have been reported to be insensitive to L-arabinose
while maintaining constitutive activation of the Ppap pro-
moter [60]. Among them, AraC¥?M displayed the highest ac-
tivity regardless of L-arabinose presence, making it the opti-
mal choice for our feedforward network. Similarly, we evalu-
ated LuxR mutants (LuxR*221V and LuxR A»_¢» ), which have
been reported to function independently of the autoinducer
30C6-HSL, for their ability to activate the Py, promoter [61].
The wild-type LuxR and LuxRA,_j4, failed to activate the
P« promoter in the absence of the autoinducer 30C6-HSL,
whereas LuxRA?21V successfully activated the promoter, albeit
with partial sensitivity to the inducer. Therefore, we selected
LuxR4221V for incorporation into the genetic “expiry-date”
circuits (Fig. 3C).

Besides interference from chemical inducers, leaky tran-
scription from promoters is a major factor contributing to
circuit instability [62-64]. To address this, we evaluated the
basal transcription levels of the three promoters used in our
circuits: Pr, Pgap, and Py, (Fig. 4A—C). While Pr and Ppap
showed minimal background activity in the absence of their
respective regulators, Py, exhibited significant leakiness even
without the LuxRA2?!V activator (Fig. 4D). As Py, promoter
is employed in the intermediate and long “expiry-date” cir-
cuits to express Lysis E, this high basal transcription could
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lead to unintended Lysis E production (Fig. 2D), potentially
disrupting the programmed function of our genetic “expiry-
date” circuits.

To mitigate this issue, we incorporated sRNA to suppress
the leakiness of Lysis E expression in the circuits, as de-
scribed in a previous study [46]. Supplementary Figure S4
demonstrates that, in the absence of synthetic anti-lysis E
sRNA, leaky expression of Lysis E impaired cell growth in
circuits utilizing the Py, promoter. In contrast, the incorpo-
ration of anti-lysis E sRNA effectively suppressed this leak-
iness and restored normal growth under permissive condi-
tions, thereby confirming the functionality of the circuits. In-
terestingly, the short “expiry-date” circuit in which Lysis E
is expressed under the tightly regulated Pr promoter, exhib-
ited greater stability over time compared with intermediate
and long “expiry-date” circuits. Nevertheless, the incorpora-
tion of synthetic anti-lysis E sSRNA further improved the sta-
bility of the short “expiry-date” circuit. These results indicate
that synthetic SRNA-mediated post-transcriptional repression
enhances the robustness of genetic circuits by minimizing un-
intended gene expression. Based on these optimizations, the
final designs of the genetic “expiry-date” circuits—short, in-
termediate, and long with varying lifespans—are presented in
Fig. SA.

Incorporation of additional kill switch for ensured
self-destruction of synthetic bacteria

The genetic “expiry-date” circuit relies on a single kill switch,
Lysis E. However, since the circuit is carried on a low-copy-
number plasmid (pSC101 origin), there is a risk of plas-
mid loss during cell division, potentially allowing synthetic
bacteria to evade programmed cell death. To address this,
we engineered a stable E. coli chassis by knocking out the
essential asd gene, rendering the strain auxotrophic [65],
and then reintroducing asd on the plasmid carrying the ge-
netic “expiry-date” system (Fig. 5B). The asd gene encodes
aspartate-semialdehyde dehydrogenase, a critical enzyme in
the biosynthetic pathway from aspartate to lysine [66]. DAP, a
direct precursor of lysine in this pathway, is also essential for
the synthesis of peptidoglycan, a key component of the bacte-
rial cell wall. As a result, the engineered E. coli strain can only
survive when supplemented with DAP [67, 68]. In open envi-
ronments without DAP supplementation, loss of the plasmid
carrying the genetic “expiry-date” system leads to cell death
due to the absence of the asd gene. The essentiality of asd for
bacterial survival was confirmed by monitoring the growth of
the engineered chassis (Supplementary Fig. S5).

Finally, we recorded the kinetic growth curves of the asd-
knockout chassis harboring a plasmid containing both the ge-
netic “expiry-date” circuit and the asd gene (Fig. SC-E). The
death phases of cells carrying the short, intermediate, or long
“expiry-date” circuits were initiated at ~1, 11, and 25 h, re-
spectively (Fig. 5C-E). To determine the exact lifespans of
these synthetic bacteria, we quantified viable cells and calcu-
lated survival ratios at 12, 24, 36, and 48 h post-culture (Fig.
5F). As shown in Fig. 5G, bacteria with the short and interme-
diate “expiry-date” circuits became undetectable (<10~10)—
meeting the U.S. NIH standards for GMO release (<107%)
[69]—after 12 and 36 h, respectively. This confirms that cells
with the short circuit had an effective lifespan of <12 h, while
those with the intermediate circuit were eliminated within

36 h.
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Figure 3. Transcriptional activity and inducer dependency of transcriptional regulators and their variants. (A) The repressive activity of Cl variants on the
Pr promoter was evaluated by measuring fluorescence from a Pg-driven enhanced green fluorescent protein (EGFP) reporter. The expression of each Cl
variant was controlled by the Pi0.1 promoter, and its activity was assessed in the presence and absence of 100 nM aTc. (B) The activation of the Pgap
promoter by variants of the transcriptional activator AraC was quantified by measuring the relative fluorescence of a downstream EGFP reporter. This
assessment was performed with and without the addition of 0.02% L-arabinose. (C) Similarly, the activity of LuxR transcriptional activator variants on the
Piux promoter was determined by measuring EGFP fluorescence in the presence and absence of 1000 nM 30C6-HSL. All experiments were performed
in triplicate; error bars represent the standard deviation of the mean (n = 3).
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Figure 4. Evaluation of promoter leakiness in the genetic “expiry-date” circuits. (A—C) To assess promoter leakiness, EGFP reporter expression from the
Pr, Psap, and Py, promoters was quantified via flow cytometry. In the corresponding tests, the transcriptional regulators (CI2, AraC¥?°M  and
LuxRA??1Y) were expressed from the P01 promoter. Basal promoter activity was then measured in the presence or absence of 100 nM aTc to
evaluate reporter expression under repressive conditions. (D) EGFP fluorescence was analyzed as described in the “Materials and methods” section. All
experiments were performed in triplicate, and error bars represent the standard deviation of the mean (n = 3).

To confirm genetic stability and rule out escape mutants,
we performed next-generation sequencing (NGS) of the whole
plasmids from cells carrying the intermediate “expiry-date”
circuit at 12 h post-induction, a time point at which cells are
expected to experience elevated stress due to the expression of
the death-inducing protein, Lysis E. However, analysis of the
NGS data revealed that there were no functionally disruptive
mutations within the plasmids (Supplementary Text S2 and
Supplementary Table S3). To further evaluate the long-term
stability of the plasmid containing the circuit, we incubated

the cells for 14 days and every second day we assessed whether
their circuit was still operational (Supplementary Fig. S6). At
least for 14 days, the plasmid was maintained within the cells
and the circuit within the plasmid was able to behave as pro-
grammed. These results demonstrate both long-term circuit
stability and effective self-elimination. Consistent with our
realistic simulation results, cells with the long “expiry-date”
circuit did not undergo complete cell death. However, their
growth was significantly slowed due to low-level production
of Lysis E (Fig. SE and G).
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Figure 5. Implementation and evaluation of genetic “expiry-date” circuits. (A) Schematic diagrams of the implemented genetic “expiry-date” circuits
designed for short, intermediate, and long lifespans. (B) The plasmid stabilization strategy, which moves the essential asd gene from the chromosome to
the plasmid. The loss of the plasmid is lethal due to the resulting inability to synthesize peptidoglycan. (C-E) Growth curves of synthetic bacteria with
each “expiry-date” circuit. Growth curves were recorded over 36 h in M9 minimal medium at 25°C. The cultures were grown with and without the
inducer (aTc) to mimic permissive and non-permissive environmental conditions. (F) Experimental workflow for the survival assay to evaluate the circuit
efficiency. (G) Survival ratios quantified at specified time points (12, 24, 36, and 48 h of incubation) by determining CFUs. Cell viability below the
detection limit (<1 x 10719 is indicated by the symbol “@." All experiments were performed in triplicate and error bars represent the standard deviation

of the mean (n = 3).

Motivated by our mathematical model’s prediction that the
weak Ppap promoter impaired the expected behavior of the
original design (Fig. 2E and F, and Supplementary Fig. S3),
we substituted the AraC-Pgap pair in the long “expiry-date”
circuit with the T7 promoter and its cognate T7 RNA poly-
merase, aiming to enhance circuit robustness. Given that the
T7 promoter is reported to be 5-50 times stronger than the
Pr promoter [70-73], we simulated the revised long “expiry-
date” circuit using T7 promoter strengths across this range.
As shown in Supplementary Fig. S7, the simulations pre-
dicted that the circuit would paradoxically exhibit a lifespan
equal to or shorter than that of the intermediate circuit, due
to excessive promoter strength causing premature activation
(Supplementary Fig. S7). To confirm this, we experimentally

constructed and tested the revised circuit. Unlike our sim-
ulations, cells harboring this circuit exhibited no detectable
growth from the outset (Supplementary Fig. S8). This is con-
sistent with previous reports indicating that overexpression
of T7 RNA polymerase consumes a disproportionate share of
cellular resources and may deplete essential host nutrients, ul-
timately leading to significant growth inhibition [74-76]. In
our nutrient-limited conditions, this burden appeared to be
exacerbated, resulting in circuit failure and lack of growth.
Consequently, the construction of a robust long “expiry-date”
circuit will require transcriptional activators that are suffi-
ciently strong—comparable to the Pr promoter—function in-
dependently of chemical inducers or repressors, and are fully
compatible with E. coli, which at present remains a signif-
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icant challenge. Given these constraints, we prioritized the
short and intermediate “expiry-date” circuits to confer a pre-
determined lifespan to synthetic bacteria developed for phenol
scavenging.

Selection of a phenol-tolerant E. coli strain and
further tolerance improvement

As a practical application of our “expiry-date” circuit, we
employed the intermediate circuit to regulate the lifespan of
phenol-degrading synthetic bacteria for safe bioremediation.
Phenol is a hazardous pollutant and poses a significant en-
vironmental challenge due to its widespread use and persis-
tence [335]. Its high toxicity to living organisms, including E.
coli, limits the effectiveness of microbial bioremediation ef-
forts. Therefore, the initial step in developing a synthetic scav-
enger involves selecting an E. coli strain with higher inherent
phenol tolerance and then enhancing its tolerance further.

Different E. coli strains exhibit a wide range of physiolog-
ical characteristics that significantly influence their ability to
tolerate high concentrations of phenol. In a previous study, 18
different E. coli strains were evaluated for their ability to tol-
erate phenol, and the BL21 (DE3) strain exhibited the great-
est phenol resistance [77]. This strain was able to survive in
medium containing 1.6 g/L of phenol, while complete growth
inhibition occurred at 1.8 g/L. To identify more tolerant E.
coli strains, we evaluated additional strains for phenol toler-
ance that had not been tested before: MKO1 derived from K-
12 BW27783, SURE from K-12, JM109 from K-12, 1.S5218
from K-12, and BL21 (DE3) from the B strain as a reference
(Supplementary Table S4).

The growth of E. coli strains was monitored for 24 h un-
der various phenol concentrations (Supplementary Fig. S9). As
phenol concentration increased, growth slowed and was even-
tually inhibited. In the phenol range of 0-1.5 g/L, the MKO01
strain exhibited significantly higher growth, with the largest
growth difference observed at 1.0 g/L phenol (Supplementary
Fig. S9D). Up to 1.5 g/L phenol, MKO1 showed signif-
icantly higher phenol tolerance than other tested strains
(Supplementary Fig. S9E). At 2.0 g/L phenol, the growth
of most strains was inhibited: complete growth inhibition
was observed for both SURE and BL21 (DE3) strains, while
LS5218 and MKO1 showed slight growth (Supplementary Fig.
S9F). Phenol tolerance, calculated using Equation (2), demon-
strated that MKO1 had significantly higher tolerance and
growth rates than BL21 (DE3) (Fig. 6A and B), which had
previously been identified as the most phenol-tolerant E. coli
strain [77]. Based on these results, the MKO1 strain was se-
lected as the chassis for developing a synthetic scavenger for
phenol degradation and the implementation of a programmed
lifespan.

To further enhance the phenol tolerance of the MKO1
strain, we expressed two mutant proteins, SecBT1%4 [78] and
RpoD® (D39E, A72V, T94M, and a nonsense mutation at
residue 123) [79], either individually or in combination, us-
ing three different synthetic promoters with varying strengths
(high, medium, and low) (Fig. 6C). These mutants were cho-
sen because they have been shown to enhance tolerance to bu-
tanol and other organic solvents in E. coli [78, 79]. SecB is a
chaperone involved in translocating proteins across the inner
membrane, integrating proteins into the membrane, and aid-
ing protein folding in the cytoplasm [80]. Its role in stress re-
sponse and protein stability could support E. coli tolerance to

phenol by maintaining proper protein folding and membrane
integrity under stress [81, 82]. The SecBT1°4 mutant was se-
lected for its improved chaperone activity [78, 83]. RpoD (c7°)
is the primary sigma factor in E. coli, essential for regulating
the expression of genes during the exponential phase [84]. It
plays a key role in the cellular response to stress and solvent
tolerance by modulating gene expression to cope with harmful
compounds [85, 86]. The RpoD® mutant was chosen for its
ability to regulate stress response pathways more effectively,
improving the cells’ adaptation to phenol exposure [79].

Nine plasmids were constructed to express these mutant
genes under the three different promoters (Fig. 6C). These
plasmids were introduced into the MKO1 strain, and phenol
tolerance was evaluated at concentrations ranging from 0 to
2.0 g/L over 24 h. As shown in Fig. 6D, the additional ex-
pression of either RpoD® or SecBT'% could enhance phenol
tolerance, but cells expressing RpoD®’ displayed significantly
higher tolerance than those expressing either SecBT'%* alone
or both genes together, irrespective of promoter strength.
Notably, cells expressing RpoD® under a weak promoter
(J23113) exhibited slightly better tolerance than those using
stronger promoters at high phenol concentrations. Interest-
ingly, co-expression of both mutant genes resulted in lower
tolerance compared with cells expressing either gene individ-
ually (Fig. 6D). Furthermore, in the absence of phenol, co-
expressing cells displayed a noticeably slower growth rate
(Fig. 6E, symbols below the control cells, black dotted line).
Given that SecB and RpoD are global regulators involved
in various cellular processes, their co-expression may impose
a metabolic burden on the host cells, thus affecting overall
growth and tolerance.

These findings suggest that optimized expression of the
RpoD®’ mutant significantly enhances phenol tolerance. Con-
sequently, the RpoD® mutant expressed by the weak pro-
moter (J23113) was incorporated into the MKO1 synthetic
bacteria chassis to further improve phenol degradation and
tolerance.

Construction of a synthetic metabolic pathway
converting phenol to acetyl-CoA

To enable the degradation and utilization of phenol as an en-
ergy source, we constructed a synthetic metabolic pathway
consisting of nine genes that convert phenol into succinyl-
CoA and acetyl-CoA, key intermediates in the tricarboxylic
acid (TCA) cycle (Fig. 7A) [87, 88]. This catechol ortho-
cleavage pathway enables engineered bacteria to metabolize
phenol as a carbon source for biomass production [89]. To
construct the pathway, we expressed the phe operon derived
from R. erythropolis KCTC 3483 and the pca and cat operons
from P. putida KT2440 (Fig. 7A). Detailed information on the
genes encoding the enzymes for this pathway is provided in
Supplementary Table SS5. The nine genes were cloned into two
plasmids and expressed under the control of a strong synthetic
promoter (J23119) in a polycistronic arrangement (Fig. 7B).
The J23119 promoter, comparable in strength to the widely
used T7 promoter, is known for its efficiency in recombinant
protein overexpression [90]. To further enhance phenol toler-
ance, the J23113-7poD®’ gene was also incorporated into one
of the plasmids (Fig. 7B and Supplementary Fig. S10).

The performance of the engineered synthetic phenol scav-
enger was assessed by measuring its efficiency in degrad-
ing phenol at varying initial concentrations, ranging from
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Figure 6. Development of an E. coli chassis with enhanced phenol tolerance. (A) Phenol tolerance of five E. coli strains cultured in LB medium
supplemented with increasing concentrations of phenol. (B) Corresponding growth rates of these strains under phenol stress conditions. (C) Gene
constructs designed to express the chaperone mutant SecB''%, the sigma factor mutant RpoDC®, or both, using a series of synthetic promoters with
varying strengths (J23101 (strong), J23105 (medium), and J23113 (weak)) to enhance phenol tolerance of E. coli MKO01. (D) Phenol tolerance of E. coli
MKO1 strains engineered to express individual or combined tolerance-enhancing proteins. The tolerance of these strains was quantified across a range
of phenol concentrations according to the formula presented in Equation (2). (E) Growth rates of the engineered strains during phenol tolerance
experiments. Statistical significance was assessed using Student’s t-test; asterisks represent P-values (*P < 0.05, **P < 0.01, ***P < 0.001). All
experiments were performed in triplicate; error bars represent the standard deviation of the mean (n = 3).

0.1 to 1.5 g/L (Fig. 7C). The synthetic bacteria exhibited
significantly improved phenol degradation capabilities com-
pared with previously developed strains (Table 1) [36, 39, 40,
87, 91-96]. Specifically, the synthetic bacteria completely de-
graded 0.1 g/L of phenol within 2 h and 0.3 g/L within 7
h. For 0.5 g/L of phenol, detoxification was achieved within
48 h. Although complete removal of phenol at higher con-
centrations (1.0 and 1.5 g/L) was not achieved within 48 h,
the bacteria steadily reduced the phenol concentration over
time (Fig. 7C). Interestingly, despite the cellular burden im-
posed by the additional expression of the synthetic metabolic
pathway—which slows the growth of the synthetic bacteria—
their growth was unaffected by phenol concentrations up to
1.5 g/L (Supplementary Figs S10B and S11). This high phe-
nol tolerance is likely the result of a synergistic effect between
the enhanced tolerance conferred by RpoD® and the phenol
degradation capability provided by the synthetic metabolic
pathway.

Construction of synthetic phenol scavenger
bacteria with an “expiry-date”

To construct synthetic phenol-scavenging bacteria capable of
safe bioremediation, we introduced plasmids containing the
engineered synthetic phenol degradation pathway into an
E. coli chassis with a predetermined “expiry-date” (E. coli

MKO1Aasd strain carrying a genetic “expiry-date” circuit)
(Fig. 8A). The bioremediation performance of the synthetic
bacteria was first evaluated at initial phenol concentrations of
0.1, 0.3, and 0.5 g/L (Fig. 8B). As a control, we used the E.
coli MKO01Aasd strain containing only the phenol degrada-
tion pathway, without the “expiry-date” circuit, since it does
not undergo programmed cell death.

The control strain achieved complete degradation of 0.1,
0.3,and 0.5 g/L phenol within 2,7, and 12 h, respectively, sur-
passing previously reported performance (Fig. 8B and Table
1). In contrast, the synthetic bacteria with the short “expiry-
date” circuit degraded only 0.05 g/L phenol over 48 h at all
initial concentrations and did not achieve complete degrada-
tion within its designated lifespan. Synthetic bacteria with the
intermediate “expiry-date” circuit fully degraded 0.1 g/L phe-
nol within 14 h but failed to completely remove phenol at ini-
tial concentrations of 0.3 and 0.5 g/L.

The inability of the synthetic scavengers to fully degrade
phenol at higher concentrations is attributed to their limited
lifespan. Although the synthetic scavengers with the short and
intermediate “expiry-date” circuits have lifespans of 12 and
36 h, respectively, they entered the death phase earlier (at 1
and 11 h, respectively) and were unable to proliferate suffi-
ciently for complete phenol removal. This limitation could be
addressed by periodic deployment of synthetic scavenger bac-
teria or by developing an “expiry-date” circuit with an ex-
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phenol metabolic pathway, with and without the rpoDC® gene, assessed at phenol concentrations of 0.1, 0.3, 0.5, 1.0, and 1.5 g/L over 48 h. Complete
degradation times were 2 h (0.1 g/L), 7 h (0.3 g/L), and 48 h (0.5 g/L); values for 1.0 and 1.5 g/L were extrapolated (see “Materials and methods”
section). All experiments were performed in triplicate; error bars represent the standard deviation of the mean (n = 3).

Table 1. Reported phenol degradation efficiencies of various microorganisms
Efficiency of phenol
Bacterial strains Strategies degradation References
E. coli strain MKO1Aasd Synthetic metabolic pathway construction with 0.1g/L(2h),0.3¢g/L This study
tolerance enhancement and “expiry-date” circuit (7h),0.5g/L (12 h)
E. coli strain Growth parameter optimization 0.562 g/L (230 h), [39]
RV412_A1_A1_2010_06a LBK 0.963 g/L (250 h)
E. coli strain BL21 (DE3) Heterologous overexpression of enzymes 0.0941 g/L (3 h) [87]
E. coli strain BL21 (DE3)-groELS Genetically engineered to express diguanylate 0.07 g/L (4 h) [91]
cyclases (DGCs) to promote proteinaceous and
aliphatic biofloc formation
Pseudomonas oleovorans strain Cells were encapsulated into the alginate matrix 0.09 g/L (432 h) [92]
ICTN13 and tagged orange fluorescence protein gene
(ofp) helped improving phenol degradation and
tracking the survival of cells
P. putida strain LY1 Wild-type, growth kinetic parameters 0.2 g/L (40 h), 0.3 g/L [93]
optimization (60 h)
P. putida strain KT2440 Wild-type, aromatics degradation coupled with 0.565 g/L (144 h), [94]
biopolymers synthesis 0.941 g/L (120 h)
Pseudomonas sp. strain SAS26 Novel salt-tolerant phenol-degrading bacterial 0.5g/L (36 h),1g/L [95]
strains (48 h), 1.5 g/L (60 h)
R. opacus PD630 strains evol33 and Adaptive evolution 1.2 g/L (60 h) [96]
evol40
Stenotrophomonas sp. strain N5 Optimization of co-culture inoculation ratio 0.05 g/L (15 h), 0.3 g/L [40]
and Advenella sp. strain B9 (30 h), 1 g/L (50 h)
Isochrysis galbana strain Natural marine microalgae <0.1 g/L (96 h) [36]

MACC/HS59
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(n=3).

tended lifespan sufficient to fully degrade high concentrations
of phenol.

To verify whether the synthetic scavenger bacteria under-
went programmed cell death, we measured viable cell counts
over time (Fig. 8C). Synthetic scavenger bacteria with the short
“expiry-date” circuit showed significant declines, becoming
undetectable after 18 h at 0.1 g/L phenol and after 12 h at
0.3 and 0.5 g/L phenol. Those with the intermediate “expiry-
date” circuit were completely eliminated by 36 h across all

phenol concentrations. Although the addition of the synthetic
metabolic pathway could potentially affect cellular physiol-
ogy, the observed lifespan of the synthetic scavenger bacte-
ria closely matched that determined for bacteria with only
the genetic “expiry-date” circuits (Fig. 5), indicating that the
“expiry-date” circuit functions reliably and stably.
Interestingly, phenol concentration continued to decrease
even after the “expiry-date,” when there were no viable syn-
thetic bacteria remaining (Fig. 8B and C). For instance, at
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the initial concentration of 0.1 g/L, phenol concentration de-
creased over 48 h, despite the lifespan of synthetic scavenger
bacteria with the short “expiry-date” circuit being only <18
h. A plausible explanation for this observation is that cell ly-
sis induced by the cell-killing protein Lysis E released internal
metabolic enzymes into the medium, allowing these enzymes
to degrade phenol even after cell death. There was no evap-
orative loss of phenol during the experiments, as the phenol
concentration in the controls remained constant over time.

Deployment of synthetic phenol scavenger bacteria
in phenol-contaminated soil samples

To validate the proof of concept that synthetic scavenger
bacteria can detoxify phenol in soil and subsequently self-
eliminate via the genetic “expiry-date” circuit, we deployed
synthetic phenol-scavenging bacteria equipped with the inter-
mediate “expiry-date” circuit for ex situ testing in soil sam-
ples contaminated with phenol at 0.1 g/kg soil, a concen-
tration corresponding to moderate contamination levels typ-
ically observed in natural soil or groundwater [48] (Fig. 9A).
Residual phenol concentrations and viable cell counts of the
synthetic scavenger were measured at various time points as
shown in Fig. 9B and Fig. 9C. In soil inoculated with syn-
thetic scavenger bacteria with an intermediate lifespan, phe-
nol at an initial concentration of 0.1 g/kg of dry soil was fully
degraded within 4 days (Fig. 9B). Notably, the ex situ soil ex-
periments confirmed that the engineered bacteria operate ef-
fectively without supplemental carbon. The available endoge-
nous carbon, including phenol itself, was sufficient to power
both pollutant degradation and the “expiry-date” circuit. This
suggests that synthetic bacterial scavengers equipped with our
“expiry-date” circuit are promising candidates for a range of
bioremediation purposes.

The initial count of deployed synthetic scavenger bacteria
was 107 CFUs per gram of dry soil, and their population de-
creased to 10* and 103 CFUs per gram of dry soil after 3
and 4 days, respectively, becoming undetectable after 5 days
(Fig. 9C and D). To confirm complete elimination of the syn-
thetic scavengers, viable cells were monitored over the course
of one month, but no detectable cells were found (Fig. 9E and
F). These results confirm that the synthetic scavenger bacte-
ria designed for phenol bioremediation can effectively detox-
ify contaminated soil and self-eliminate after completing their
task.

Discussion

Our study highlights the potential of synthetic biology in
bioremediation by engineering E. coli with programmed lifes-
pans and enhanced phenol degradation capabilities. The im-
plementation of feedforward network-based genetic “expiry-
date” circuits provides a robust strategy for controlling bacte-
rial lifespan, directly addressing biosafety concerns related to
the unintended persistence and spread of synthetic bacteria in
open environments.

Several biocontainment strategies have been implemented
to prevent the unintended proliferation of synthetic bacteria
[16, 22,23, 28, 97]. Previous studies have utilized genetic cir-
cuits to regulate the expression of essential genes or toxin
genes under defined conditions, with notable examples in-
cluding CRISPR-Cas9 kill switches [23] and synthetic aux-
otrophic strains [98]. However, these pioneering methods of-

ten require human intervention and external stimuli, such as
chemical or physical inducers, to trigger cell death [23, 97].
Furthermore, issues in genetic circuits like leaky expression of
the genes in circuits have led to spurious circuit activation and
thereby reduced circuit reliability [28, 97, 99].

In contrast, the genetic “expiry-date” circuit developed in
this study autonomously governs cellular lifespan through
an internal transcriptional cascade that initiates immediately
upon deployment, without reliance on external inducers (Fig.
2D). Moreover, circuit stability is reinforced by minimizing
expression leakiness through sSRNA-mediated tight regulation
(Supplementary Fig. S4 and Fig. SA). These advancements col-
lectively enable our genetic “expiry-date” system to provide
stable and tunable control of bacterial lifespan.

The synthetic phenol scavenger, equipped with a genetic
“expiry-date” circuit, successfully demonstrated efficient phe-
nol degradation and programmed self-elimination (Fig. 8). Its
successful application in soil environments further confirms
the robustness and applicability of the “expiry-date” circuits
in real-world settings (Fig. 9).

While natural phenol-degrading bacteria, such as P. putida
[100], P. putida 1LY1 [93], and R. opacus PD630 [101], are
known for their high intrinsic tolerance to phenol, they of-
ten degrade it at a slow rate. In contrast, E. coli typically
exhibits lower innate tolerance to phenol, but its compati-
bility with a wide range of synthetic biology tools enables
it to be engineered for more rapid phenol degradation than
naturally tolerant strains. In this study, we further demon-
strate that E. coli’s inherent tolerance can be enhanced: the
MKO1 strain, previously uncharacterized for this trait, ex-
hibited greater phenol tolerance compared with other E. coli
strains, and this tolerance was further improved through the
expression of the RpoD® (Fig. 6). These results underscore
the potential of our engineered E. coli as a robust platform for
phenol bioremediation. Furthermore, the modular “expiry-
date” circuits developed in this study provide a broadly ap-
plicable biocontainment strategy that can be integrated not
only into E. coli but also adapted for use in naturally tolerant
hosts, offering a versatile and safe approach for environmental
deployment.

Despite these promising results, several challenges remain
for future studies. First, in this study, sterilized soil samples,
artificially contaminated with phenol, were used for ex situ
experiment due to the complexity and variability of soil condi-
tions. Though this sterilization-and-contamination approach
has been widely used [49, 102], sterilization removes natu-
ral microbial communities, preventing potential interactions
between indigenous soil bacteria and the engineered strain,
which could influence circuit functionality. Due to the com-
plexity of experimental evaluation, such interactions were not
assessed in this study.

Moreover, while effective, our genetic “expiry-date” sys-
tem requires further optimization for broader applications.
The current limitations in extending circuit lifespan high-
light the need for stronger transcriptional activators balanced
with precise control to enhance the longevity and adaptabil-
ity of synthetic bacteria (Fig. 2, and Supplementary Figs
S3 and S7). Although there are several strong repression-
based transcription systems, they depend on external induc-
ers such as isopropyl-B-D-thiogalactoside (IPTG), restrict-
ing their use in autonomous, field-deployable bioremediation
contexts [103]. Other activation-based systems, such as the
T7 expression platform, impose significant cellular burden
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[75, 76, 104], leading to circuit instability and poor perfor-
mance (Supplementary Fig. S8). The limited availability and
inconsistent activity of existing transcriptional activators pose
a challenge [29]. In this context, CRISPR-based activators may
offer an alternative solution, providing modular, precise, and
time-specific control of synthetic circuits, thereby expanding
the applicability of our synthetic bacteria [105].

Beyond Lysis E, additional biocontainment mechanisms
should be explored to prevent unintended escape and min-
imize the spread of genetic material in natural environ-
ments [16]. Potential strategies include toxin—antitoxin system
[106] and quadruplet codon decoding-based translation [107]
to prevent unintended escape, and CRISPR-Cas9-mediated
DNA disruption [27] to minimize genetic material transfer.
Therefore, future work will focus on genomic integration of
“expiry-date” circuits or their combination with DNA degra-
dation mechanisms to ensure safer and more reliable synthetic
microbial applications in open environments.

In conclusion, reliable genetic “expiry-date” circuits offer
an effective tool for precisely controlling the lifespan of syn-
thetic bacteria. Combined with mathematical modeling, strain
optimization, and field validation, this approach provides a
sustainable and scalable solution for addressing complex en-
vironmental challenges, opening new avenues for safe in situ
bioremediation of hazardous pollutants. Furthermore, these
circuits could be applied to therapeutic bacteria to mitigate
the risk of uncontrolled proliferation. Our synthetic “expiry-
date” circuits thus hold great promise for the responsible
and effective deployment of synthetic bacteria in real-world
applications.
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