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Abstract

Plant synthetic biology is a rapidly advancing multidisciplinary research area that applies
engineering principles to design, construct, and implement new plant capabilities at the
molecular, cellular, and whole organism scales. Synthetic gene circuits are important tools for
enabling increased customizability in the control of gene expression in plants, with widespread
applications spanning new approaches for basic biology to introduction of new traits for
advancing agriculture. In this review, we first aimed to provide a comprehensive understanding
of synthetic circuits. Next, we discuss recent progress in the construction of advanced synthetic
gene circuits in plants for programmable control of gene expression. Finally, we discuss
the current challenges associated with developing and applying effective circuits while also
highlighting future prospects and research directions, including quantitative measurement,
high-throughput testing, and circuit modelling.

1. Synthetic circuits for reprogramming gene expression

The engineering of plants relies heavily on manipulating gene expression to confer advantageous
agronomic traits, such as enhanced growth, increased yield or improved tolerance to biotic
and abiotic stresses. The direct manipulation of such plant properties has commonly been
achieved through the use of well-established tools for reprogramming transcriptional activity
and genome output in plants. For instance, over-expressing individual genes in plants has often
used regulatory elements such as the 35S promoter from Cauliflower Mosaic Virus (CaMV
35S) (Ow et al., 1987), or the transcriptional activation domain (TAD) from the herpes simplex
viral activator VP16 (Wilde et al., 1994). However, strong, ubiquitous and constitutive expres-
sion of transgenes provides only rudimentary control of transcription that lacks the nuanced
spatiotemporal control of expression that commonly underpins normal biochemical, cellular
and developmental properties. This can lead to a variety of deleterious effects in plants, such as
metabolic burden and spatiotemporally inappropriate activity, and as a result, the benefit from
the desired trait may not be realised due to negative effects on fitness (Cuzick et al., 2009; Jeong &
Jung, 2015; Kidd et al., 2011; Nakashima et al., 2007; Su & Wu, 2004; Thatcher et al., 2009). While
a variety of cell-type-specific and inducible promoters (Aoyama & Chua, 1997; Zuo et al., 2000)
have been identified and developed to improve the specificity of expression, these are inherently
constrained to their evolved or engineered repertoire of activity patterns. Ideally, expression
control systems would have the ability to integrate an arbitrary number of signals to drive any
desired spatiotemporal gene expression patterns.

The implementation of synthetic gene circuits in plants has the potential to address these
challenges by enabling the construction of customisable logical operations that underpin exten-
sive programmability in gene expression. Over the past two decades, a wide range of gene circuit
systems have been developed and implemented in bacteria, yeast and cultured mammalian cells,
enabling the introduction of new behaviours and cellular functions (Andres et al., 2019; Bonnet
et al., 2013; Brophy & Voigt, 2014; Elowitz & Leibler, 2000; Gardner et al., 2000). However, the
development of synthetic circuits in plants has lagged behind.

Synthetic gene circuits employ biological parts such as DNA, RNA and proteins to sense
and integrate inputs and produce an output representing an expression state, according to the
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programmed logical operation. A synthetic gene circuit consists
of three functional modules: sensors, integrators and actuators
(Figure 1a). Sensors detect cellular and environmental signals,
which are the inputs to integrators that perform a logical operation
to compute a specific output signal, which actuators relay to alter
cell function (Jusiak et al., 2016).

To date, three main technologies have been employed to design
synthetic gene circuits for programming gene expression in plants:
recombinase systems, DNA-binding proteins and CRISPR interfer-
ence (CRISPRi) (Lloyd et al., 2022; Brophy et al., 2022; Khan et al.,
2024). In a simple gene circuit, the sensor module drives the expres-
sion of input components (recombinases, DNA-binding proteins or
sgRNAs in CRISPR-dCas9 systems), forming the basis of the cir-
cuit’s logic. The integrator module consists of engineered promoter
sequences with customisable binding sites for these input-derived
components, which interact with the integrator to modulate tran-
scription (Figure 1a). Finally, the actuator module transmits the
processed signal from the integrator, altering cellular functions.
Reporter genes are typically used as the circuit output during opti-
misation to evaluate performance. Once optimised, the reporter
gene can be replaced by effectors, such as transcription factors
(TFs), to regulate the expression of specific endogenous genes
(Figure 1a).

These modules can be combined in various configurations to
create two-input gates and implement Boolean logic operations,
such as a NOR gate. For example, a CRISPRi-based NOR gate can
be constructed using two distinct sgRNAs as inputs (Figure 1b). In
this example, one sgRNA is driven by a cell-type-specific promoter,
while the other is driven by an inducible promoter, and both are
targeted to an integrator module containing unique binding sites
for these sgRNAs. When either or both sgRNAs are present, dCas9
binds to the integrator, repressing the expression of the output gene.
Consequently, the output is only produced in the absence of both
input sgRNAs, thereby creating a NOR gate. This configuration
allows precise regulation of gene expression in response to environ-
mental signals and specific cellular contexts, demonstrating how
synthetic gene circuits can be designed to perform complex logical
functions in plants.

One of the major goals of synthetic biology research is to create
synthetic gene circuits that function analogously to the logical
operations that underpin the fundamental functions of computers
and other electronic devices (Miyamoto et al., 2013). Similar to
endogenous cellular regulatory pathways that sense and integrate
multiple input signals to produce specific outputs only under cer-
tain conditions, synthetic gene circuits enable the construction of
transcriptional programmes that respond to multiple customisable
inputs (Medford & Prasad, 2016). These circuits are based on logic
gates, which make use of Boolean algebra operations to integrate
multiple input signals into truth values of 1 (true) and 0 (false)
that can be linked together to produce distinct logic such as AND,
OR, NOT, A NIMPLY B and XOR operations, amongst others
(Figure 1c). By constructing logic gates from DNA, RNA, and
protein components, these engineering principles can be achieved
in living organisms, where specific transcriptional outputs in the
form of selective activation or repression of desired transgenes or
pathways can be achieved in response to input signals (Weinberg
et al., 2017). For example, in a simple implementation, an AND
gate can be used to achieve highly specific gene expression patterns
only when both inputs are simultaneously present. The ability
to design and implement complex gene circuits in plants would
enable unprecedented precision and customisability in the con-
trol of patterns of gene expression, with myriad applications from

the dissection of fundamental plant cells and developmental pro-
cesses to the introduction of novel traits for improved agricultural
productivity.

2. Current state of plant synthetic gene circuits

Synthetic biological circuits can be constructed to operate at dif-
ferent molecular levels within a cell, incorporating transcriptional,
post-transcriptional, and translational processes. However, to date,
the advanced circuit platforms developed in plants have focused
on modifying transcriptional levels. In this section, we review the
current literature on the construction of advanced plant synthetic
circuits.

Based on the technology used for the construction of gene
circuits in plants, we can categorise them into two main types: irre-
versible (i.e. memory) circuits and reversible circuits. Irreversible
circuits are designed to retain a memory of an input signal, subse-
quently maintaining the output state once triggered by the input. In
contrast, reversible circuits allow for dynamic changes in the output
state in response to varying input signals.

2.1. Memory circuits

Recombinases are enzymes that ‘flip’ or recombine DNA segments
between their cognate binding sites, making them ideal for building
memory devices since the genetic reconfiguration at the DNA
level is maintained permanently without the requirement for the
continuous presence of input signals (Bonnet et al., 2012; Bowyer
et al., 2016; Friedland et al., 2009; Lapique & Benenson, 2014;
Roquet et al., 2016; Siuti et al., 2013).

Bernabé-Orts and colleagues developed a memory switch in
Nicotiana benthamiana using the bacteriophage PhiC31 serine
integrase. By using its cognate recombination directionality factor,
the authors were able to reverse the implementation of this
memory switch by ~60% when tested in stable transgenic plants
(Bernabé-Orts et al., 2020). Using an expanded repertoire of DNA
recombinases, Weinberg and colleagues reported the Boolean
Logic and Arithmetic through DNA Excision (BLADE) platform,
characterising 12 different recombinases for the construction
of 16 Boolean logic gates and complex circuits in human cells
(Weinberg et al., 2017). Building upon this, we recently developed
and optimised a DNA recombinase-based memory gene circuit
platform in the model plant Arabidopsis (Lloyd et al., 2022).
Using the Flp and B3 recombinases as two different inputs, we
successfully engineered different logic gates within plant cells,
including NOT, OR, NOR, AND, NAND and A NIMPLY B gates.
To demonstrate the functionality of this system in stable transgenic
plants, we created an AND gate in the roots of Arabidopsis, using
DEX- and cell-type-specific promoters to drive the expression
of Flp and B3 recombinases, respectively, to achieve chemi-
cally inducible cell-type-specific control of reporter expression
in roots.

Recently, Guiziou and colleagues further expanded the use of
serine integrases to record developmental events in Arabidopsis
roots (Guiziou et al., 2023). The authors used promoters spe-
cific to lateral root development to express PhiC31 and Bxb1
serine integrases, allowing for switching between two different
fluorescent reporter genes. This integrase-based circuit resulted
in the expression of reporter genes during root development,
permanently marking all daughter cells. Further exploration of
the use of serine integrases in constructing complex memory
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devices could enable sophisticated new tools for recording diverse
plant developmental processes and responses to environmental
cues.

These studies demonstrate the utility of DNA recombinases for
engineering complex synthetic circuits with customisable logic
functions and memory capabilities in plants. However, while

recombinases achieve robust control of circuit activity through
DNA-level changes, this comes with the inherent limitation in
programmable circuits because their logic is irreversible (in the
absence of an additional recombination directionality factor).
This generally prevents reversible dynamic responsiveness of
recombinase-based circuits to variable input stimuli.
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Figure 1. Basic components of a synthetic gene circuit and truth tables. (a) The sensor module consists of a promoter modulated by intrinsic or environmental signals to express

the inputs, such as recombinases, sequence-specific DNA-binding proteins or gRNAs for dCas9. The Integrator module is an engineered promoter that contains customised

binding sites for integrating the inputs to compute a specific output signal. For recombinase-based circuits, the binding sites are either present upstream and downstream of a

transcriptional block that is introduced in the 5’ UTR region or upstream and downstream of the integrator. The actuator module transmits the processed signal to achieve the

desired change in cellular function. For circuit optimisation, reporter genes are often used circuit outputs, which can subsequently be replaced with a functional actuator such as

a transcription factor (TF) or artificial targeted transcriptional regulator that can reprogramme endogenous pathways. (b) Schematic representation of a NOR gate and a

CRISPRi-based circuit, illustrating the assembly of sensor, integrator, and actuator modules into a functional two-input NOR gate. (c) Truth tables of different logic gates, where A

and B represent two distinct input signals and Q represents the output. The presence and absence of signals are indicated by green and black boxes, respectively. (d) Schematic

representation of an OR gate constructed by layering two NOR gates.
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2.2. Reversible circuits

Reversible circuits have the ability to dynamically switch between
‘ON’ and ‘OFF’ states based on the input states, enabling transient
responses to changing signals.

2.2.1. DNA-binding proteins. DNA-binding proteins that can bind
to a specific DNA sequence are ideal components for creating
synthetic gene circuits. These proteins can be used as synthetic
transcriptional regulators by fusing them to transcriptional acti-
vation or repression domains, creating fusion proteins that can be
used for targeting natural or modified promoters containing the
DNA-binding sequence, causing a change in transcription (Lienert
et al., 2014; Weber & Fussenegger, 2009). The use of recently
characterised plant transcriptional regulatory domains with DNA-
binding proteins will further expand the toolkit of synthetic tran-
scriptional regulators for building gene circuits in plants (Hummel
et al., 2024; Morffy et al., 2024).

In a recent study, Brophy and colleagues fused bacterial
sequence-specific DNA-binding proteins to activator and repressor
domains, which were coupled to engineered promoters, to develop
a comprehensive set of logic gates in plants (Brophy et al., 2022). To
evaluate the performance of these logic gates in stable Arabidopsis
plants, the inputs (activators or repressors) were expressed under
the control of root-specific promoters to drive GFP expression in
a cell-type-specific manner. However, transferring these circuits
from the leaves of N. benthamiana to the roots of Arabidopsis
required further optimisations, suggesting the need for species-
specific fine-tuning of biological parts for constructing gene
circuits.

DNA-binding proteins, such as zinc finger proteins (ZNFs)
and transcription activator-like effectors (TALEs) can have high
binding specificity for their target DNA sequences and therefore
are useful for creating synthetic TFs (Gaj et al., 2013). However,
creating TFs based on ZNFs or TALEs can be technically chal-
lenging and have higher error rates of construction (Beumer et al.,
2013; Ramirez et al., 2008). Distinct ZNFs and TALEs need to
be engineered for each different target DNA sequence, and there-
fore offer less flexibility in terms of programmability to construct
complex circuits (Gao et al., 2014). For example, Schreiber and
colleagues created an AND gate in N. benthamiana using a split-
TALE system, where the TALE DNA-binding domain and the
transcription activation domain are separately fused to interacting
protein domains (Schreiber et al., 2019). The AND gate is switched
on when the split components of the TALE activation system are
reconstituted by the physical interaction of the protein domains.
The split-TALE approach is a promising system for protein–protein
interaction-based AND gates in planta that may exhibit higher
target specificity due to the required simultaneity of DNA binding.
However, such split approaches offer less flexibility in designing
modular complex gene circuits due to the need for multiple distinct
pairs of interacting proteins to create other logical operations.

Bacterial allosteric TFs (aTFs) are regulatory proteins that bind
to specific DNA sequences and can be used as transcriptional
regulators. Their activity can be modulated by the presence of a
ligand or metabolite (Li et al., 2023). In a recent study, Ferreira and
Antunes (Ferreira & Antunes, 2024) utilised bacterial aTFs, com-
bined with engineered promoters, to construct logic gates in plants
using transient gene expression assays. Moreover, the authors used
phenylpropanoid-related metabolites as inputs, demonstrating that
these aTF-based gene circuits can function as biosensors to regulate
plant metabolic pathways.

2.2.2. CRISPR-dCas9 System. Nuclease dead versions of the Cas9 pro-
tein (dCas9) do not cut the DNA backbone and therefore are able to
function as highly customisable DNA-binding proteins for which
the target site is determined by the gRNA sequence, providing
a highly reprogrammable targeted binding system (Bikard et al.,
2013; Qi et al., 2013). dCas9 has been used as a transcriptional acti-
vator (CRISPRa) or repressor (CRISPRi) by fusing it to activation
or repressor domains, respectively, for regulating gene expression
in plants (Lowder et al., 2017; Piatek et al., 2015; Vazquez-Vilar
et al., 2023). With CRISPR-Cas9 or related systems, expression of
either the dCas9 component or the targeting gRNA can act as input
signals to create synthetic gene circuits. Kar and colleagues demon-
strated the construction of CRISPRa-based YES gates in plants. To
enable activation of a reporter gene, the authors engineered CaMV
35S-based minimal promoters that could be bound by a dCas9-
VP64 activator (Kar et al., 2022). The performance of these YES
gates was tested in the leaves of N. benthamiana and Arabidopsis,
with the input sgRNAs expressed from CaMV35S and ethylene-
inducible promoters, respectively.

Further augmentation of dCas9 can confer additional regulatory
capabilities and context specificity. Khakhar and colleagues created
hormone-activated Cas9-based repressors (HACRs) by fusing
dCas9 to plant hormone-induced degrons and the N-terminal
100 amino acids of the TOPLESS repressor (Khakhar et al.,
2018; Szemenyei et al., 2008). The degrons target the dCas9
repressor for degradation in the presence of their respective plant
hormones, conferring sensitivity of the synthetic HACRs to auxin,
gibberellins and jasmonates. The auxin-degradable repressor was
successfully used to reprogram Arabidopsis auxin signalling by
targeting the PIN-FORMED 1(PIN1) gene, which encodes an
auxin efflux carrier responsible for root and shoot development.
This resulted in production of fewer side branches compared to
wild-type plants, an agriculturally relevant trait for higher density
planting.

The extreme reconfigurability of dCas9 target DNA binding
specificity provides valuable opportunities for creating complex
gene circuits. Recently, we reported the construction of the first
CRISPRi-based plant gene circuit platform able to compute a range
of Boolean logic functions (Khan et al., 2024). A library of engi-
neered TCTP and CaMV 35S promoters was generated to contain
two distinct gRNA target sites located immediately upstream and
downstream of the promoters’ TATA box. Binding of dCas9 to
either or both of the gRNA target sites within these integrators
caused strong repression of the promoter activity by CRISPRi,
thereby functioning as a NOR gate. Importantly, every Boolean
logical operation can be created by linking multiple NOR gates
together in different configurations, making it a ‘universal’ gate.
By optimising the expression and maturation of input gRNAs from
RNA polymerase II promoters, gRNAs could be used as the input
signals into the circuit, as well as outputs of integrators, allowing
multiple NOR gates to be linked to create multi-layered circuits
and more complex Boolean logic functions. For example, an OR
gate can be constructed by layering two NOR gates (Figure 1d).
The output of the first NOR gate (NOR-1), here denoted sgRNA-
C, serves as an input for the second NOR gate (NOR-2). The
output of NOR-2 may be either a reporter gene, a TF, or other
desired transcriptional outputs. In the absence of input sgRNAs
for NOR-1, the output sgRNA-C from NOR-1 is expressed, leading
to repression of the NOR-2 output. Conversely, in the presence of
input sgRNAs for NOR-1, the output sgRNA-C is not produced
due to CRISPRi, allowing the expression of the NOR-2 output.
Furthermore, reversible environmentally controlled circuit activity
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Figure 2. RNA-based circuits in plants. (a) Schematic representation of sgRNA-directed targeted degradation of the mRNA transcripts of a target gene by RNA-guided

RNA-targeting CRISPR-CasRx system. The sgRNA can be designed to target any region of the mRNA transcript, as CasRx does not require a PAM sequence. (b) Illustration of the

RADAR technology for programmable expression of a desired output such as GFP. An optional sequence, such as RFP, can be included as a marker upstream of the sensor

sequence (adapted from (Kaseniit et al., 2022).

could be demonstrated in stable transgenic Arabidopsis plants with
these circuits.

As the DNA targeting specificity of dCas9 can be very easily
altered by changing the sgRNA sequences, CRISPR-based circuits
exhibit a very high level of programmability, offering some benefits
compared to other technologies for creating synthetic circuits. The
use of different RNA-guided DNA-binding CRISPR systems such
as dCpf1, or alternative technologies including the SunTag (Tanen-
baum et al., 2014), MS2 stem-loops (Konermann et al., 2015)
and Casilio (Cheng et al., 2016) systems with dCas9, could also
be implemented to further improve the performance of existing
CRISPR-dCas9-based circuits.

2.2.3. RNA-based circuits. In contrast to DNA-based circuits, RNA-
based circuits operate at the post-transcriptional level. To date, the
development of riboswitches in plants has been limited to single-
use designs lacking the ability to be stacked or expanded upon
for more complex circuits. The main challenge lies in identifying
highly specific RNA-binding proteins or miRNAs, which hinders
the construction of sophisticated RNA-based circuits (Matsuura
et al., 2018).

Liang and colleagues used the CRISPR associated Csy4 system
to construct NOT gates in N. benthamiana leaves and rice proto-
plasts, achieving >400-fold repression of the targeted transgenes
(Liang et al., 2017). Additionally, the authors demonstrated cell-
type-specific and inducible repression with Csy4-based NOT gates
in Arabidopsis, and identified additional orthologs of the Csy4 gene
(ND02 and MZ1T) that could allow further expansion of RNA

circuit capabilities. Though this system results in efficient repres-
sion of the target transcripts, Csy4 requires a specific sequence in
the mRNA transcript to induce repression, and this sequence can-
not be changed, thus limiting its use to fine-tuning of transgenes.

However, recent advances in RNA-targeting CRISPR proteins
offer promising prospects to overcome these limitations and enable
the development of more advanced RNA-level circuits. RNA-
guided RNA-targeting CRISPR systems have emerged as effective
tools for gene repression in mammalian systems. Unlike Csy4,
some of these CRISPR proteins, for example, CasRx (Konermann
et al., 2018), do not rely on any specific target-binding sequences,
allowing them to be targeted to any mRNA transcript by provision
of a corresponding gRNA (Figure 2a). This characteristic makes
them ideal for creating programmable RNA-based complex circuits
in plants, as they can be readily programmed by modifying the
input sgRNAs (Figure 2a). Furthermore, synthetic circuits based
on these CRISPR systems can be easily interfaced with the host cell
to target endogenous transcripts.

RNA sensing using adenosine deaminases acting on RNA
(RADAR) is a recently reported technology that is programmable,
modular and capable of creating cell-type-specific circuits (Kaseniit
et al., 2022). This approach involves two major components
incorporated into a single transcript. First, a sensor sequence that
is complementary to an endogenous RNA sequence, known as
the trigger sequence, specific to a particular cell type. A ‘UGG’
codon in the sensor sequence is changed to a ‘UAG’ stop codon,
halting translation of the downstream output sequence. Second,
an output sequence, which is the desired sequence that needs
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Figure 3. Limitations of the Design-Build-Test-Learn model for implementing synthetic gene circuits in crops. The figure highlights major challenges in each phase of the DBTL

cycle, including limited models and datasets in Design, lack of standardised parts in Build, low-throughput testing in Test and noisy data with limited databases in Learn.

Addressing these challenges is crucial for enabling synthetic gene circuit applications in crops.

to be expressed in the targeted cell type. As the sequences of
sensor and trigger are complementary, a double stranded RNA
is formed that is recognised by adenosine deaminase, resulting in
the editing of adenosine (A) to Inosine (I) to edit away the UAG
stop codon. Thus, translation of the downstream output sequence
is enabled (Figure 2b). This technology has been successfully tested
in plants, suggesting its potential use in RNA-based circuits for
programmable control of translation in specific cell types.

3. Limitations in designing effective circuits

The core engineering principle of synthetic biology is based on
the Design-Build-Test-Learn (DBTL) model, which serves as a
framework for developing synthetic circuits and gene networks.
In the Design phase, genetic components such as genes and reg-
ulatory elements are selected and arranged to achieve a specific
biological function. Next, in the Build phase, the designed cir-
cuits are physically constructed by assembling DNA sequences and
introducing them into host organisms. The Test phase involves
evaluating the performance of the circuits, measuring outputs, gene
expression or protein levels, to gather data. Finally, in the Learn
phase, insights are derived from the data to assess whether the
circuit functions as expected and to identify areas for improvement,
guiding the next round of design refinement. While the DBTL
model is a powerful approach to developing synthetic circuits, there
are certain limitations that underscore the need for better predictive
models and more efficient experimental processes to enhance its
effectiveness and scalability (Figure 3). In this section we discuss the
key challenges of evaluating circuit performance, high-throughput
testing, modelling circuit activity and implementation in crops.

3.1. Quantitative assessment of circuit performance

A major limitation in evaluating the performance of plant synthetic
circuits is the frequent use of reporter genes as a proxy for circuit

activity, and the lack of high resolution quantitative data on circuit
componentry. This limited readout obfuscates the myriad molec-
ular processes that underlie gene circuit functionality, from com-
ponent transcription and translation, to protein-DNA interactions,
to transcriptional regulation. While using fluorescent proteins or
luminescent reporter systems provide a convenient and low-cost
method of assessing circuit output when screening multiple circuit
designs, they provide only indirect measures, often capturing only
the final circuit output rather than individual sub-components.
Notably, recent work by Csibra and Stan (Csibra & Stan, 2022) on
converting arbitrary fluorescence units into absolute units high-
lights a promising approach for obtaining more quantitative data,
although it has not yet been applied in plants. The absence of
quantitative molecular data regarding underlying circuit processes
makes it challenging to troubleshoot suboptimal and unpredictable
circuit designs. Overcoming this paucity of quantitative circuit
activity measurements is a key limitation in their development, use,
and advancement.

To improve the optimisation, construction and assessment of
successful logic gates, it will be crucial to implement experimental
approaches for the accurate quantitation of circuit inputs, interme-
diary functional components and outputs. This would ideally be
conducted frequently over time to examine the temporal features
of circuits. In the example of CRISPRi circuits, measuring the tran-
script abundance of the input gRNAs, circuit output (e.g. reporter)
and intermediary gRNAs that connect multi-layered circuits would
provide far greater insights into how the quantity of key circuit
components relate to its performance or problems, and ultimately
aid in determining the design rules for building effective logic
gates. Without assessing the levels of such circuit components, it
becomes very challenging to predict whether poor circuit perfor-
mance stems from insufficient production of input signals (e.g. due
to a weak sensor) and other circuit components, or inadequate
recombination, repression, or activation activities. A recent study
measured the level of repressor proteins in synthetic circuits in
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E. coli using RNA-seq (Gorochowski et al., 2017); however, to date,
the advanced circuit studies in plants have not implemented a strat-
egy to measure the quantity of inputs, intermediary components
or outputs of complex circuits. Furthermore, the ability to measure
circuit components at single cell resolution would allow fine-scaled
dissection of circuit activity when implemented in stable transgenic
plants. Regular generation of such data will be critical for improving
the ability to accurately model circuit activity and inform new
strategies for improvement.

3.2. High-throughput testing

Testing synthetic gene circuits in plants is made more challenging
because of their long life cycles and difficulties in reproducible
stable genetic modification. To date, the best available options
for less time-intensive testing of gene circuits in plants are tran-
sient transformation of protoplasts and agrobacterium-mediated
infiltrations. Though protoplast transfection provides a moderate
throughput approach for testing circuit performance in a short
period of time, the copy number of plasmid DNA delivered to
cells is uncontrollable, and will not necessarily reflect the regulatory
activities of single copy constructs stably introduced into a chroma-
tinised nuclear genome. Consequently, circuit activity measured in
protoplasts could exhibit significant differences in comparison to
stable transgenic plant lines.

Agrobacterium-mediated infiltrations offer another widely used
approach for transient gene expression in plants, with N. ben-
thamiana being the most common host. While this approach may
provide certain advantages over protoplast transfection, such as
preserving some tissue context, there is no experimental evidence
to suggest that it accurately replicates the regulatory environment
of stable plant lines. Further exploration of how well transient sys-
tems reflect chromatinised, stable integration environments could
enhance our understanding of circuit performance in planta. It
is worth noting that, as observed in yeast and mammalian sys-
tems, transiently delivered linear or plasmid DNA can associate
with nucleosomes, which may influence transcriptional activity
(Deniz et al., 2011; Mladenova et al., 2009). Similar to protoplast
transfection, the copy number of transferred T-DNA molecules
is difficult to control, complicating the quantitative assessment of
circuit dynamics. Furthermore, this method is limited by its low-
throughput nature and applicability to specific tissues, making it
unsuitable for evaluating circuit activity across diverse cell types,
which will often be a key consideration of in planta circuit func-
tionality.

The lack of high-throughput and robust testing systems to deter-
mine the performance of genetic parts and circuits in plants makes
it challenging to test a large number of conditions and circuit design
permutations, which is required for developing more sophisticated
and robust circuits. The use of robotics and other plant species
such as Pyscometrilla patens and Marchantia polymorpha may aid
development of higher throughput testing systems for screening
gene circuits in vivo due to their short life cycles, ease of growth and
reproducible stable genetic modification (Frangedakis et al., 2021;
Rensing et al., 2020).

3.3. Modelling of circuits

Mathematical modelling is an important tool for designing
synthetic gene circuits, offering insight into their dynamics and
stability. Such models are often based on differential equations,
stochastic simulations and network analysis, and simulate how

various factors impact circuit behaviour (McCallum & Potvin-
Trottier, 2021). Gander and colleagues (Gander et al., 2017) used
mathematical modelling to predict the output of interconnected
CRISPRi-based NOR gates in yeast, demonstrating that minimal
transcriptional leakage could be achieved. Similarly, Santos-
Moreno and colleagues (Santos-Moreno et al., 2020) applied
modelling to predict dynamic behaviours, such as oscillations and
bistable states, in CRISPRi-based circuits in E. coli. Their model
incorporated key parameters like gene expression rates, binding
affinities, and unspecific binding to predict circuit behaviour
over time. In both studies, experimental validation confirmed the
effectiveness of these models in guiding the design of reliable logic
circuits.

While synthetic circuits in microbes have made significant
progress, the development of plant circuits has been slower, mainly
dependent on traditional DBTL cycles. This lag is due to the inher-
ent complexity of plants as multicellular organisms with longer life
cycles, tissue-specific gene expression, limitations on reproducible
transgene introduction (Liu et al., 2024) and susceptibility to
gene silencing (Stam, 1997), all of which complicate predictive
modelling. Furthermore, plants are exposed to diverse external
signals, and spatial-temporal variations in gene expression add
further challenges.

Artificial intelligence (AI) approaches could offer new solutions
to accurately predict circuit performance in plants and improve the
slow DBTL cycle in plant circuit development, particularly when
coupled to large-scale genomic, transcriptomic and environmen-
tal data. These models can handle non-linear interactions within
complex regulatory networks and predict behaviour across tissues
and developmental stages (Rai et al., 2024). By automating design
processes and leveraging high-throughput testing, AI could signifi-
cantly accelerate the development of plant circuits, overcoming the
unique challenges of plant synthetic biology.

3.4. Implementing circuits in crops

To date, synthetic gene circuits have been successfully implemented
in model plants such as Arabidopsis and N. benthamiana. It will
be crucial to test and implement these circuits in agriculturally
important crop species to address challenges related to biotic and
abiotic stresses, growth and yield.

The implementation of synthetic gene circuits in crops will
require the identification and testing of species-specific circuit
components, for example, for the design of the sensors and inte-
grators. To date, the availability of such parts is limited in both
model and crop plants. The increasing application of single cell
transcriptome and chromatin accessibility profiling of crop species
will greatly advance the identification of cell-type-specific promot-
ers and regulatory regions (He et al., 2024; Marand et al., 2021).
This will underpin development of a wide range of different input
components for implementing synthetic gene circuits in vivo.

Several additional challenges may hinder the implementation
of synthetic circuits in crops. These include the difficulty and time
required to generate stable transgenic lines, testing the functionality
of circuits over a few generations and ensuring the stability of
constructs while avoiding gene silencing. The generation of more
accurate models of circuit performance, for example through com-
putational models trained on high-throughput cell-type-specific
genomics and circuit testing datasets, could reduce the burden
of these inherently challenging crop engineering steps by more
accurate prediction of circuit designs likely to function as desired in
vivo. Addressing these key challenges will significantly advance the

https://doi.org/10.1017/qpb.2025.3 Published online by Cambridge University Press

https://doi.org/10.1017/qpb.2025.3


8 A. Khan and R. Lister

field of plant synthetic biology and enable the development of crop
plants with novel traits to address specific agricultural challenges.

4. Concluding remarks

Recent years have seen the successful development and implemen-
tation of a range of synthetic gene circuits in plants that advance
our capabilities to achieve programmable control of gene expres-
sion. These circuits are capable of retaining a memory of the past
stimuli and can dynamically switch between ‘ON’ and ‘OFF’ states,
depending on the technology used for their construction. Though
these circuits function in a predictable manner in model plants
such as Arabidopsis and N. benthamiana, multiple major challenges
remain in their further advancement, optimisation, and implemen-
tation, which will require focused experimental and computational
developments. These include the need for high-throughput circuit
synthesis and testing, coupled with data-rich multi-component
quantitative assessment of circuit activity, to generate the data
that will underpin accurate circuit modelling, which is crucial for
further and faster advancements.

Synthetic gene circuits will provide completely new capabilities
for engineering crops to address agriculture challenges and intro-
duce new agronomic traits. However, the current circuit designs
optimised for model plants may not function in a predictable man-
ner in different crop species. Therefore, it will be crucial to identify
effective biological parts for each species, and implement high-
throughput circuit synthesis and quantitative assessment frame-
works to accelerate successful circuit function and adoption in
diverse crops. These advancements will help us to introduce inno-
vative agronomic traits in crops, thus enabling sustainable food
production to meet the growing global demand.
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