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Introducing novel functions in plants through synthetic multigene circuits

requires strict transcriptional regulation. Currently, the use of natural regulatory

modules in synthetic circuits is hindered by our limited knowledge of complex

plant regulatory mechanisms, the paucity of characterized promoters, and the

possibility of crosstalk with endogenous circuits. Synthetic regulatory modules

can overcome these limitations. This article introduces an integrative de novo

approach for designing plant synthetic promoters by utilizing the available online

tools and databases. The recent achievements in designing and validating

synthetic plant promoters, enhancers, transcription factors, and the challenges

of establishing synthetic circuits in plants are also discussed.
KEYWORDS
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1 Introduction

With the rising population and the adverse effects of climate change, maintaining

agricultural productivity will rely on combating environmental stresses through crop

engineering. Synthetic biology aims to address these challenges by introducing multigene

circuits in plants. Synthetic multigene circuits comprise non-native DNA that can

modulate gene expression in response to external cues or intracellular signaling events

and have potential applications in cellular control, reprogramming, perturbation, and

outcome reporting (Szenk et al., 2020). However, reliable circuit functioning requires

precise and predictable gene regulation (Roell and Zurbriggen, 2020). Natural plant cis-

regulatory modules (CRMs) (including cis-regulatory elements, promoters, transcriptional

enhancers, silencers, and insulators) are complex in function and architecture. Identifying

plant CRMs is also challenging as they can occur tens or hundreds of kilobases away from

the target genes (Li et al., 2019; Lu et al., 2019; Ricci et al., 2019). Schmitz et al., 2022

examine the reporter assays developed to characterize natural plant CRMs. Despite these

advances, successful characterization requires epigenetic maps from different cell types and
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growth conditions (Schmitz et al., 2022). Synthetic regulatory

elements offer an alternative to help meet the challenge of

precision gene control in multigene circuits. This review details

the techniques used to design and validate synthetic inducible plant

promoters with brief discussions on synthetic transcription factors

and enhancers.
2 Promoter

We begin this discussion with an overview of the architecture

and function of promoters. A promoter controls the spatial and

temporal expression of a gene by binding the RNA polymerase and

various transcription factors (TFs) (Figure 1) (Vanaja and Yella,

2022). TFs identify short conserved sequences called cis-regulatory

elements (CREs) in the promoter’s proximal and distal regions

(Biłas et al., 2016). CREs and associated TFs are molecular switches

of gene regulation that decide the transcriptional activation,

transcription efficiency, transcript level per cell, and tissue-specific

or condition-specific gene expression (Bhattacharjee et al., 2013).

Therefore, screening for known CREs in promoters provides

insights into the promoter’s functionality, the potential role of the

downstream gene, and the types of TFs involved. However, the gene

expression profiles of a genome far outnumber the CREs and TFs

present, suggesting that the limited regulatory factors in a cell

control the expression of multiple genes through a combinatorial

approach, with each promoter employing multiple CREs

(Bhattacharjee et al., 2013; Mehrotra et al., 2011).

Based on their activity, promoters are classified as constitutive

or inducible. Constitutive promoters steadily express the gene under

diverse conditions, while inducible promoters initiate transcription

in response to specific cues (Roell and Zurbriggen, 2020). Driving

transgene expression with constitutive promoters can result in

unintended genetic and phenotypic effects (Bhatnagar-Mathur

et al., 2007). Therefore, a stimulus- or tissue-specific expression of

transgenes is desirable. Several natural inducible promoters have

been characterized and successfully used in heterologous systems

without pleiotropic effects (Boni et al., 2018; Misra and Ganesan,

2021; Pandey et al., 2019; Yang et al., 2020). However, multigene

circuits require a variety of promoters having a range of strengths

and specificities, which at present cannot be satisfied by the limited

pool of characterized natural plant promoters.
3 Synthetic promoter

The modular nature of promoters and our understanding of

CREs under different stresses have enabled the development of

synthetic promoters with specific strengths and inducibility.

A synthetic promoter consists of a core promoter with a

minimal arrangement of CREs upstream. This concise nature

offers many advantages, especially in multigene circuits.

Engineered circuits are evolutionarily and genetically unstable
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(Sleight et al., 2010). Homologous recombination and loss-of-

function deletions commonly occurring in repeat sequences of

natural promoters are significant causes of network failure

(Sleight et al., 2010). Synthetic promoters can be designed to have

minimal repeat sequences and high sequence diversity by including

functionally equivalent CREs from diverse organisms (Yasmeen

et al., 2023). Their low homology to the native genome improves the

genetic stability of engineered circuits (Khadanga et al., 2021; Gupta

et al., 2021; Peramuna et al., 2018). A multigene circuit’s optimal

functioning requires the coordinated expression of multiple genes

coupled with precise and predictable transcriptional outputs

(Brophy et al., 2022). Computationally designed minimal

synthetic promoters and orthogonal TFs with predictable outputs

in plants have been developed (Cai et al., 2020).

Synthetic promoters are used in enzymatic pathways to produce

biological products. In Saccharomyces cerevisiae, synthetic promoters

created from the native Translation Elongation Factor 1 (TEF1)

promoter were successfully used for efficient glycerol production

(Tang et al., 2020). Several synthetic promoters are designed to offer

constitutive, inducible, bidirectional, and tissue-specific expression in

plants (Jameel et al., 2020; Yang et al., 2021). Cell-state-specific

promoters that activate gene expression under specific biological

conditions are necessary for many biotechnological applications,

including gene therapy (Wu et al., 2019). A suggested method to

develop cell-state-specific promoters involves integrating Next-

Generation Sequencing (NGS) with Machine Learning (ML) to

analyze synthetic promoter libraries and identify high-performance

promoters with enhanced cell-state specificity (SPECS) demonstrating

distinct spatiotemporal activity (Wu et al., 2019).
4 Techniques to generate a synthetic
promoter

A synthetic promoter is constructed through a novel

arrangement of CREs from different natural promoters or by re-

organizing CREs within a promoter (Aysha et al., 2018). For

example, artificial Cauliflower Mosaic Virus 35S (CaMV35S)

promoters have been synthesized by domain swapping with

heterologous promoters or by replacing the native DNA with a

synthetic stretch of CREs in a different context (Bhullar et al., 2007).

In vitro techniques to engineer synthetic promoters include

hybridization, site-directed mutagenesis, shuffling, linker scanning

mutagenesis, and bi-directionalization (Figure 2) (Aysha

et al., 2018).

The hybridization approach has two types: intramolecular and

intermolecular (Gustin and Burk, 2000). The intramolecular

approach rearranges two or more crucial motifs within a

promoter (Figure 2A). In contrast, the intermolecular approach

links key motifs from different promoters to generate a new

promoter (Acharya et al., 2014; Gustin and Burk, 2000)

(Figure 2B). In site-directed mutagenesis, mutations introduced in

the natural promoter add or remove specific CREs (Acharya et al.,
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2014) (Figure 2C). Site-directed mutagenesis also helps identify and

analyze CREs of natural promoters (Ranjan et al., 2012). Shuffling

comprises nucleic acid rearrangements in vitro. In a polymerase

chain reaction, short segments of two or more promoters are re-

joined. The re-assembled promoters contain segments of various

promoters, creating a collection of synthetic promoters (Acharya

et al., 2014) (Figure 2D). Ranjan et al., 2011 generated a library of

synthetic promoters from FMV (Figwort Mosaic Virus) full-length

and sub-genomic transcript promoters by DNA shuffling. Linker-

scanning mutagenesis re-organizes the promoter sequence. The

target DNA is replaced with a synthetic linker sequence of similar

length containing the desired cluster of point mutations (Gustin

and Burk, 2000) (Figure 2F). With equal-sized heterologous

sequences replacing segments of native DNA, linker-scanning

mutagenesis helps analyze entire regulatory regions (Gustin and

Burk, 2000). Although mainly applied to examine promoters and

enhancers, linker-scanning mutagenesis is also used in synthetic

promoter designing. Bi-directional promoters are located between

two adjacent genes oriented in opposite directions (Bai et al., 2020)

(Figure 2E). Such promoters facilitate the simultaneous expression

of bidirectional gene pairs situated on opposite DNA strands and

lying head-to-head. Synthetic bidirectional green tissue-specific

promoters have been designed and validated in transgenic rice

(Bai et al., 2020). Khan et al., 2023 have reviewed synthetic

plant promoters generated in recent years using the above-

mentioned techniques.
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Targeted genome editing techniques can modify natural

promoters by altering specific CREs in vivo and provide

fundamental insights into the complex architecture of gene

regulatory sequences, upregulate beneficial gene expression, or

improve disease resistance (Liu et al., 2021; Oliva et al., 2019;

Peng et al., 2017; Rodrıǵuez-Leal et al., 2017). Targeted editing

can also bring a gene under the control of an upstream promoter by

deleting the intermediate sequence (Bhunia et al., 2022). The basis

of targeted genome editing is a sequence-specific nuclease, which is

engineered by fusing a non-specific nuclease domain to a

customized sequence-specific DNA binding domain (DBD)

(Bogdanove et al., 2018; Zetsche et al., 2015). Sequence-specific

nucleases include zinc-finger (ZF) nucleases, meganucleases,

transcription activator-like effector (TALE) nucleases, and

Clustered Regularly Interspaced Short Palindromic Repeats/

CRISPR-Associated protein (CRISPR/Cas9) endonuclease

(Bogdanove et al., 2018; Zetsche et al., 2015).
5 De novo approach to construct and
validate a synthetic promoter

The in vitro and in vivo techniques discussed in section 4

generate synthetic promoters by modifying or re-arranging natural

promoters. This section discusses a methodology to build inducible

synthetic promoters from scratch using the available databases and
FIGURE 1

A typical promoter construct A promoter is divided into three regions: the core, proximal, and distal promoter. The core promoter consists of core
promoter elements (TATA-box, Inr, BRE). The proximal promoter is comprised of CREs and the distal promoter contains enhancer and silencer
elements (TFBSs). General TFs and activators/repressors bind to the CREs and TFBSs, forming a complex along with RNA pol II.
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in-silico tools. The designed promoters can be artificially

synthesized and validated through transient expression assays.
5.1 Screening natural promoters for
functional CREs

To design an inducible synthetic promoter, endogenous genes

that are overexpressed under a particular stimulus are identified

through the microarray expression atlas and NGS databases

(Figure 3). The promoter sequences of the short-listed genes can

be identified using predictive algorithms such as the TSSPlant tool

or plant promoter databases like PlantProm (Shahmuradov et al.,

2017). Alternatively, a 1-kb region upstream of the gene’s TSS is

designated as the promoter (Figure 3).

Prior to promoter analysis, it is necessary to identify the

probable CREs and TFs acting in a particular stimulus. CRE

databases such as New Plant cis-acting regulatory DNA elements

(PLACE) (Higo et al., 1999), Transcription factor database
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TRANSFAC (Matys et al., 2003), and Plant cis-acting regulatory

elements, enhancers, and repressors (Plant CARE) (Lescot et al.,

2002) can be employed (Figure 3). Promoters of characterized genes

can be screened for CREs using de novo motif discovery tools. The

Hypergeometric Optimization of Motif Enrichment (HOMER) tool

identifies over-represented motifs, including minor variants to the

consensus CRE (Heinz et al., 2010). The Spaced Motif analysis

(SpaMo) tool detects spacer-separated CRE pairs and checks for co-

occurring CREs (Whitington et al., 2011), while the Motifs Co-

occurrence tool (MCOT) accounts for CRE structure and

recognizes overlapping motifs (Levitsky et al., 2019). Conserved

CREs that are important for plant development can be identified by

phylogenetic footprinting, a method that superimposes sequence

conservation data on the regulatory code (Zemlyanskaya et al.,

2021). Short, conservative, non-coding plant sequences and

genome-wide conservation profiles are available in PLAZA (Van

Bel et al., 2018) and Plant Transcriptional Regulatory Map

(PlantRegMap) databases (Tian et al., 2020), respectively. Plants

have short conserved regulatory regions, which makes it difficult to
FIGURE 2

Approaches to generate a synthetic promoter Each colored box represents an individual CRE (A) Intramolecular hybridization approach: CREs within
a natural promoter are re-arranged to make a new promoter (B) Intermolecular hybridization approach: CREs from different natural promoters are
combined to form a new promoter, P1 and P2 indicate two different promoters (C) PCR-based site-directed mutagenesis approach: primer
sequences with rearranged CREs or new CREs can be used to create new promoters in a PCR-based reaction (D) Shuffling/ recombination
approach: Two or more promoter sequences are cleaved by DNaseI into short fragments (P1, P2, P3) and then reassembled by DNA polymerase into
new promoters (E) Bidirectional promoter: Two core promoter elements are placed in opposite directions at the ends of a CRE assembly. The
promoter regulates two genes situated in opposite orientations (F) Linker-scanning mutagenesis: A synthetic linker sequence containing a series of
point mutations replaces a region of the same length in the parent promoter.
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detect conservation among distantly-related genomes. The

Conservation of Motif Variants (CoMoVa) tool offers an

alignment-free solution for the detection of small degenerate

sequences in known motifs over large evolutionary distances

(Lieberman-Lazarovich et al., 2019). ML methods are also

promising for identifying CREs from whole-genome annotation

data (Eraslan et al., 2019; Wang et al., 2020). ML uses a suite of well-

annotated genomic data as training sets to directly infer regulatory

signatures. The predictive power of the generated model is then

evaluated using independent testing data sets (Eraslan et al., 2019;

Zemlyanskaya et al., 2021). ML has been used to predict the

regulatory composition and evaluate the transcriptional responses

to stress in plants (Mejıá-Guerra and Buckler, 2019; Uygun et al.,

2019). Since a cis-element has a core sequence of 4–10 base pairs,

detecting CREs in a 500–5000 base pair-long promoter region is

difficult. It is necessary to distinguish between over-represented

motifs and background noise. One widely established model to

identify functionally relevant motifs is to group genes based on their

expression profiles and detect over-represented CREs within the

promoters of each group (Sinha et al., 2008). Multiple Expectation

maximizations for Motif Elicitation (MEME) and Gibbs sampling

are computationally robust tools that identify and evaluate over-
Frontiers in Plant Science 05
represented motifs within promoters (Lambrughi, 2015). Table 1

summarizes the databases and tools that can be utilized for CRE

detection. A broadly effective synthetic promoter can be designed by

selecting over-expressing genes from monocots and dicots and

listing common CREs. All the identified CREs should be listed,

and the copy number and spacer length between motifs should be

calculated (Figure 3).
5.2 Building a synthetic promoter

5.2.1 Importance of promoter architecture
The type, location, copy number, orientation, and arrangement

of CREs form the premise for an effective synthetic promoter. The

CRE flanking sequences and the chromatin state also influence the

type of TF bound (Mehrotra et al., 2011). Here, we briefly discuss

the CREs involved in plant abiotic stress to understand the

importance of CRE arrangement in promoter strength and

specificity. Abiotic-stress inducible promoters commonly contain

the Dehydration-Responsive Element (DRE)/C repeat element

(TACCGACAT/TGGCCGAC) and the abscisic acid-responsive

element (ABRE) (PyACGTGGC) (Joshi et al., 2016). Other
FIGURE 3

Construction and validation of synthetic promoter Genes upregulated/downregulated in a particular condition are identified using available
databases. Promoters for the selected genes are identified using bioinformatic tools, or the 1000 bp upstream region from TSS is marked as the
promoter. CREs present in the promoters are screened using PLACE and PlantCARE. The location, copy number, arrangement, and inter-motif
distance of selected CREs are decided by analyzing their positions in natural promoters. A synthetic module is designed with core promoter
elements (TATA box) and suitable sites for cloning. The synthesized promoter is cloned into an expression vector, and the expression is validated
through transient studies. The colored boxes represent individual CREs. RS, Restriction enzyme site; INR, Initiator; TATATAA, TATA box; TSS,
Transcription start site.
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abiotic stress-responsive CREs include the W-box element (TGAC),

G-box element (CACGTG), MYC (CAC(GA) TG), LTRE

(CCGAC), and MYBR (C/TAACNA/G) (Joshi et al., 2016).

Abiotic stress-responsive CREs display a preference for

particular spacer lengths. The W-box motif pattern in Arabidopsis

favors 3-4 nucleotides spacing and shows a lack of preference for

consecutive TGAC motifs (Dhatterwal et al., 2021). Analysis of

spacer frequency between combinations of the DRE and MYC-like

motif with that of the ACGT motif across Arabidopsis, rice, wheat,

and soybean genomes show a clear preference for particular spacer

lengths (Bhadouriya et al., 2021). The predominance of these spacer

lengths is likely related to the increased stability provided by helical

phasing (Mehrotra et al., 2013). Transcription factors favor specific

spacer lengths (Dhatterwal et al., 2021). A spacer distance of 5

nucleotides between two ACGT motifs confers salicylic acid

inducibility to a minimal promoter. However, increasing the

distance to 25 nucleotides confers abscisic-acid inducibility

(Mehrotra and Mehrotra, 2010) (Figure 4A).

The type of TF recruited at a CRE can be determined by the

nucleotides neighboring the core motif, which translates to terminal

base conservation in native spacer sequences (Bhadouriya et al.,

2021). The TFs AtWRKY6 and AtWRKY11 bind well to W-boxes

having a G residue at the 5’ end, while TFs AtWRKY 26, 38, and 43

prefer a T, C, or A residue (Ciolkowski et al., 2008) (Figure 4B).

CRE functioning can depend on its copy number, orientation,

and the cell-type. Co-occurring CREs are termed Coupling

Elements (CE). A single copy of ABRE cannot induce

transcription. Multiple ABRE copies or ABRE coupled with DRE,

CE1, and CE3 form a functional abscisic acid-responsive complex

(Narusaka et al., 2003; Shen et al., 1996) (Figure 4C). CRE

positioning within the promoter can impact the assembly of the

transcription machinery. Therefore, certain coupling motifs are

found in specific orientations. In Arabidopsis, AAAG(n)ACGT is

the preferred orientation over ACGT(n)AAAG (Khan et al., 2022)

(Figure 4D). Some CREs act in a tissue-specific manner. The AACA
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motif acts as a positive regulatory element in the endosperm but a

negative regulatory element in other tissues (Bhalothia et al., 2013).

5.2.2 Designing the proximal promoter
A trial-and-error approach is adopted to design synthetic

promoters using selected motifs. Since TFs bind to CREs in a

particular fashion, random order and spacing between motifs can

reduce expression strength (Mehrotra et al., 2017). The copy

number and spacer length of CREs in the synthetic promoter are

decided based on the preference observed in candidate native

promoters (Bhadouriya et al., 2024) (Figure 3). As flanking

sequences affect TF recruitment, maintaining native spacer

sequences is beneficial (Ghoshdastidar and Bansal, 2022).

However, native spacers can include unknown CREs that affect

the expression profile of the synthetic promoter. A potential

solution is to analyze native spacers for conserved flanking

nucleotides, which can then be placed in a randomly generated

spacer to reduce background expression (Cai et al., 2020). A

collection of synthetic promoters can be manually designed by an

organized arrangement of selected motifs in the proximal promoter.

Alternatively, a computational approach can be employed to design

a synthetic promoter library by selecting an appropriate

background nucleotide frequency (based on the plant system) and

incorporating core CREs with a randomized arrangement of

stimulus-determinant CREs in the proximal region (Cai et al.,

2020; Jores et al., 2021).
5.2.3 Designing the core promoter
Core promoter elements complete the synthetic promoter. The

GC content of core promoters influences the transcription strength

depending on the plant system (Eraslan et al., 2019; Wang et al.,

2020; Zemlyanskaya et al., 2021). For example, core promoters with

high GC content are less effective in a tobacco assay system as their

transcriptional machinery is attuned to AT-rich promoters (Jores

et al., 2021).

The TATA box, B Recognition Element (BRE), Y patch, and

Initiator (Inr) strongly influence promoter strength (Jores et al.,

2021). Core promoters having a TATA box, especially within 23 to

59 base pairs upstream of the TSS, were four-fold stronger than

TATA-less promoters in Arabidopsis, maize, and sorghum (Jores

et al., 2021). Introducing operator sequences in the regions flanking

the TATA box repressed the Arabidopsis Translationally Controlled

Tumor Protein (TCTP) promoter effectively. Variations in the

TATA box- flanking operator sequence resulted in a range of

expression levels (Jores et al., 2021). Khan et al. (2024) engineered

a promoter library displaying a range of expression levels by

replacing the TATA box flanking sequences in the TCTP and

CamV35S promoters with short guide RNA (sgRNA) binding

sites. In maize, an upstream BRE was associated with a 25%

increase in promoter strength, while a downstream BRE

correlated with a 10% decreased promoter strength. Promoters

containing the Y patch and Inr elements showed a more robust

expression than those without (Jores et al., 2021).

Alternatively, natural broadly effective core promoters can be

utilized to expand the synthetic promoter’s utility. The 54-base pair
TABLE 1 Databases and tools for CRE detection.

Database/Tool Application

PLACE Plant CRE database

TRANSFAC Transcription factor database

Plant CARE Plant CRE database

HOMER Identification of over-represented motifs

SpaMo Identification of co-occurring motifs

MCOT Identification of overlapping CREs

PLAZA Platform for plant comparative genomics

PlantRegMap Database for plant transcription factors, regulatory
elements, and interactions

CoMoVa Detection of conserved motifs across species

MEME Identification of over-represented motifs

Gibbs sampling Identification of over-represented motifs
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core promoter of CaMV35S efficiently initiates transcription in both

monocots and dicots (Jores et al., 2021).
5.2.4 Validating the synthetic promoter
Experimental transient expression systems such as agroinfiltration

or protoplast transfection can provide an initial activity profile of the

promoter, which can then be confirmed using stable transgenics

(Figure 3). Alternatively, Artificial Intelligence (AI) shows promise in

developing predictive models for gene expression. Recently, Vaishnav

et al. (2022) developed a highly accurate convolutional neural network

that predicts gene expression levels in yeast using a training dataset of

30 million synthetic promoters. Such predictive models reduce the

burden of experimentation and can help design synthetic promoters

with specific strengths. However, deep learning methods may have

limitations when applied in organisms with highly complex regulatory

mechanisms, as DNA residing millions of base pairs away can

influence the gene expression levels (Wagner, 2022).

Computationally or manually designed synthetic promoters

offer predictable expression levels (directly proportional to the

strength of CREs) compared to native promoters in heterologous

systems (Cai et al., 2020). However, the inadvertent introduction of

unknown or uncharacterized transcription factor binding sites
Frontiers in Plant Science 07
(TFBSs) undermines the predictability of synthetic promoters

(Cai et al., 2020). Expanding current TFBS databases is

imperative to achieve predictable gene expression levels in plants.

Figure 3 depicts the methodology discussed for designing and

validating a synthetic promoter.
6 Transcription enhancers for
synthetic promoters

TFs bound to enhancer sites recruit complexes that stimulate

transcription (Panigrahi and O’Malley, 2021). Unlike promoters,

enhancer elements function regardless of orientation and can be

active over long distances (Panigrahi and O’Malley, 2021).

Identifying enhancer-gene combinations is critical for targeted

expression and tissue specificity. Enhancer regions in the genome

can be identified by relying on characteristics such as nucleosome

deficiency, DNAse hypersensitivity, bidirectional transcription, and

occupancy by TF clusters, co-activators, and RNA polymerase II

(Arner et al., 2015).

Experimental approaches employed to identify enhancers

include i. Assessing global transcription potential by Global run-
FIGURE 4

Cis-regulatory elements in a promoter (A) Spacer length defines TF binding. A distance of 5 bases between two ACGT motifs leads to salicylic acid
inducibility, while a distance of 25 leads to abscisic acid inducibility (B) Spacer sequences influence the type of transcription factor recruited.
AtWRKY6 binds well to the W-box motif having a G residue at the 5’ end, while AtWRKY 26 prefers a T, C, or A residue (C) Coupling elements.
Multiple ABREs couple to form a functional abscisic acid-responsive complex (D) Coupling elements can occur in a specific orientation in plants.
5’AAAG(n)ACGT3’ is the preferred orientation over 5’ACGT(n)AAAG3’ in Arabidopsis.
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on sequencing (GRO-seq) or mapping transcription start sites by

cap analysis (Jores et al., 2020); ii. Assessing transcription activation

of potential enhancer regions using reporter genes (Jores et al.,

2020); iii. Targeted suppression or activation of CREs; iv. Genome-

wide assessment of chromatin connectomes (Arner et al., 2015).

These approaches have been successfully employed in human and

animal genomes to recognize potential enhancer regions (De Santa

et al., 2010; Yamashita et al., 2011).

However, transcriptional regulation in plants varies widely from

that of animals. Plant transcription is predominantly regulated at

the level of initiation, and proximal promoter pausing is generally

absent (Hetzel et al., 2016). Therefore, loose transcripts from

enhancer sites are rarely produced, which rules out the possibility

of identifying enhancer sequences by mapping nascent RNA

transcripts (Hetzel et al., 2016). Self-transcribing active regulatory

region sequencing (STARR-seq), a massively parallel reporter assay,

identifies potential enhancers genome-wide and quantitates their

strength by reporter expression (Arnold et al., 2013). STARR-seq

has been performed in rice, maize, and tobacco (Jores et al., 2021;

Ricci et al., 2019; Sun et al., 2019). A recently developed tobacco in-

planta system for STARR-seq can detect stimuli-specific CREs

(Jores et al., 2021).

Plant enhancer sequences increase the transcription strength of

minimal promoters, but their activity depends on their location

(upstream or downstream of the core promoter) and the plant

species (Jores et al., 2021). Although some studies claim that plant

genes contain transcription enhancer elements in the first intron,

potent enhancers are generally absent in transcribed regions (Laxa

et al., 2016; Samadder et al., 2008). In tobacco, enhancers were found

to be inactive in the transcribed region but performed better when

placed immediately upstream of the minimal promoter (Jores et al.,

2020). When tested in tobacco leaves and maize protoplasts, the

strong viral 35S enhancer increased transcription for almost all the

tested Arabidopsis, maize, and sorghum core promoters (Jores et al.,

2021). The enhancer responsiveness of core promoters positively

correlated with expression specificity and the presence of the TATA

box. However, proximal CREs that increased promoter strength in

many cases decreased enhancer responsiveness, potentially owing to

the limited pool of TFs or TF incompatibility (Jores et al., 2021).

Enhancer sequences are a dense cluster of TFBSs with binding

motifs typically shorter than 10 base pairs (Panigrahi and O’Malley,

2021). An enhancer’s potential is determined by the type of bound TF

and the number, order, orientation, binding affinity, and spacing of

individual TFBS in the sequence (Panigrahi andO’Malley, 2021).Many

experimental techniques, such as chromatin immunoprecipitation and

sequencing, protein binding microarrays (Berger and Bulyk, 2009),

systematic evolution of ligands by exponential enrichment and

sequencing (Jolma et al., 2010), DNA affinity purification sequencing,

chromatin immunoprecipitation-STARR-seq, have been developed to

identify TFBS in a high through-put manner in-vitro or in-vivo using

endogenous or recombinant TFs (Lai et al., 2019). Although these

techniques are not without drawbacks, they have resulted in TFBS

databases, including TRANSFAC (Matys et al., 2003), JASPAR (Khan

et al., 2018), Universal PBM Resource for Oligonucleotide Binding

Evaluation (UniPROBE) (Hume et al., 2015), Homo Sapiens
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Comprehensive Model Collection (HOCOMOCO) (Kulakovskiy

et al., 2013), Catalog of Inferred Sequence Binding Preferences (CIS-

BP) (Weirauch et al., 2014), and SwissRegulon (Pachkov et al., 2012).

Despite the progress achieved in TFBS mapping, designing an

enhancer module with predictable gene regulatory effects is difficult

(Slattery et al., 2014). TFBS have mostly conserved functions but

can display sequence divergence (Slattery et al., 2014). Many TFs

are indirectly recruited to the enhancer region through protein-

protein interactions with bound TFs (Panigrahi and O’Malley,

2021). Several high-throughput studies have been conducted in

yeast, Drosophila melanogaster, and human cells to understand the

regulatory principles driving promoter activity (de Boer et al.,

2020). However, large-scale analysis of plant regulatory elements

is lacking. The role of regulatory elements in plants has mainly been

studied in relation to animal data screening. Moreover, plant

promoter sequences are much more extensive than other

organisms (Jores et al., 2020). Our limited understanding of plant

regulatory regions poses a significant challenge in designing

synthetic modules for improved transgene expression.
7 Transcription factors for synthetic
promoters

Efficient and specific TFs are critical for the functioning of

engineered circuits. Using native TFs, especially in plants with

complex intertwined regulatory mechanisms, can derail

endogenous pathways (Andres et al., 2019). A suite of orthogonal

artificial transcription factors and corresponding synthetic

promoters can be used to achieve a range of predictable gene

outputs. Incorporating specific and unique binding sites of

synthetic TFs in promoters helps reduce potential off-target

effects (Uniyal et al., 2019). Modulating the number and location

of TFBSs also assists in fine-tuning gene expression strength

(Rantasalo et al., 2018).

Synthetic TFs are engineered by fusing tailored or natural

orthogonal DNA-binding domains (DBDs) to effector domains

(Figure 5A). Natural orthogonal DBDs, such as that of yeast Gal4,

Pseudomonas PhlF, can be utilized by incorporating their binding sites

into the promoter (Brophy et al., 2022). A library of synthetic

transcriptional modules (including promoters, activators, and

repressors) for plants has been created utilizing the orthogonal

regulatory systems of Saccharomyces species (Belcher et al., 2020).

Conversely, Arabidopsis TFs have been used to establish a library of

orthogonal regulators in Saccharomyces cerevisiae (Naseri et al., 2017).

Tailored DBDs such as the Zinc Finger (ZF) domain, TALE

domain, and the endonuclease dead Cas9 (dCas9) can target

virtually any sequence (Kabadi and Gersbach, 2014). ZF protein

domains contain a tandem array of cysteine and histidine (Cys2-

His2) residues that detect a roughly 3-base pair DNA sequence

(Bogdanove et al., 2018; Zetsche et al., 2015). DNA-binding by

TALE is mediated by arrays of highly conserved 33-35 amino acid

length repeats, with each repeat recognizing a single DNA base

(Bogdanove et al., 2018; Zetsche et al., 2015). The dCas9 domain is

recruited to the target by a sgRNA sequence. Through a cassette of
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sgRNAs, dCas9-TFs simultaneously control the expression of

multiple promoters (Uniyal et al., 2019). Multiplex genome

editing via dCas9-TFs allows simultaneous activation of multiple

distinct genomic loci (Li et al., 2017; Lowder et al., 2018; Pan et al.,

2021; Xiong et al., 2021). As amino acids do not define DNA

binding, dCas9-TFs are comparatively easy to engineer (Lowder

et al., 2015). The complex designing approach necessary for

multiplex targeting is simplified and streamlined through a

molecular toolbox of CRISPR Cas9 T-DNA constructs assembled

through Golden Gate cloning (Lowder et al., 2015).

The effector domains of synthetic TFs are derived from natural

TFs, such as the acidic VP16 activation domain from the herpes

simplex virus or its derivative VP64 domain, the Arabidopsis

Ethylene Response Factor 2 activation domain (ERF2AD), maize

C1 domain, and EDLL (Li J. et al., 2013). The tobacco EAR and its

derivative SRDX domains, Krueppel-Associated Box (KRAB), are
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repressors inhibiting transcription through chromatin remodeling

(Mahfouz et al., 2012; Lupo et al., 2013). In recent years, large-scale

characterization of effector domains from humans and yeast has

been conducted (Tycko et al., 2020; Arnold et al., 2018). A similar

study of Arabidopsis effector domains through Agrobacterium-

mediated transient expression assay revealed 166 activator and 53

repressor domains. Of the activators, 49 displayed more potent

activity than the VP16 domain, with the strongest cold response

CBF4 activator giving a 16-fold increase in reporter expression

compared to basal levels (Hummel et al., 2023).

In CRISPR-based transcription activation (CRISPRa), enhanced

modulation can be achieved through effector domain stacking on a

single DBD (Ding et al., 2022). In the dCas9 Super Nova Tag

(SunTag) system, stacking is mediated through tandem General

Control Nonderepressible4 (GCN4) peptide repeats, while in the

scRNA system, stacking is mediated through a scaffold RNA. In
FIGURE 5

Synthetic transcription factors (A) Different types of DBDs bound to an effector domain (B) Regulation of a synthetic activator by a metabolite. On
exposure, the activator binds to the metabolite and releases it from the transcription complex, silencing the target gene (C) Regulation of synthetic
dCas9-repressor by a hormone-responsive degron sequence. When exposed to the hormone, the degron sequence directs the dCas9-repressor to
the proteasome and de-represses the expression of the target gene (D) Optogenetic regulation. The DNA-binding and activator domains are fused
to photo-reactive proteins that dimerize when exposed to light rays of particular wavelengths. On dimerization, the complete TF binds to the DNA
and activates transcription.
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SunTag and scRNA systems, the transcription regulators bind to

dCas9 via anti-GCN4 antibodies and RNA-binding proteins,

respectively (Morita et al., 2020; Zalatan et al., 2015). In the

CRISPR ACT2.0 and ACT3.0 systems, the activator domains are

recruited to a modified guide RNA (gRNA) that acts as a scaffold

(Lowder et al., 2018; Pan et al., 2021). Alternatively, multiple

effector domains are fused directly to the C-terminus of the

dCas9 protein. The dCas9-TV system containing a combination

of VP128 and six TALE activation domains has been applied in

plant cells (Li et al., 2017; Xiong et al., 2021).
7.1 Regulation of synthetic TFs

Synthetic TFs can be regulated by placing them under a

promoter offering conditional expression or by including

regulatory domains in the TF. These regulatory domains may be

responsive to a specific metabolite (Garagounis et al., 2021),

hormone (Khakhar et al., 2018), or light of particular wavelengths

(optogenetic regulation) (Shikata and Denninger, 2022). Synthetic

TFs with metabolite-responsive regulatory domains can be utilized

as intrinsic plant biosensors that couple plant metabolite

production with reporter gene expression. (Khakhar et al., 2018)

(Figure 5B). dCas9 repressors with hormone-responsive degron

sequences activate the transcription of target genes when exposed to

the hormone (Khakhar et al., 2018) (Figure 5C). Optogenetic

switches use light-sensitive dimerizing proteins fused to DBD and

effector domains. In response to light, the regulatory domains

dimerize and control the transcription of target genes (Shikata

and Denninger, 2022) (Figure 5D).

Optogenetic switches are challenging to implement in plants as

light is indispensable for growth. Plant useable light switch element

(PULSE) overcomes this constraint by using constitutively expressed

dual switches of blue and red light-responsive photoreceptors fused to

a repressor and activator domain, respectively. Under white light, the

repressor overcomes activation to suppress gene expression. Under

monochromatic red light alone, the activator initiates gene

transcription (Ochoa-Fernandez et al., 2020).

Synthetic ZF-TFs and TALE-TFs have been used to activate or

suppress endogenous and reporter genes in Arabidopsis, maize, rice,

tobacco, Brassica napus, and Chlamydomonas reinhardtii (Morbitzer

et al., 2010; Li T. et al., 2013; Tol et al., 2019). Synthetic hormone-

responsive dCas9-based repressors that respond to exogenous

hormone treatment and differences in endogenous hormone levels

have been developed. These can be leveraged to study endogenous

hormone distributions and reprogram plant signals to influence plant

morphology. Auxin-responsive dCas9 repressors targeting the auxin

transporter PIN1 suppressed the gene’s transcriptional positive

feedback mechanism and reduced lateral branching (Khakhar et al.,

2018). A reprogrammable CRISPR-dCas9-dependent bipartite unit

(consisting of a dCas9 fused to an activator and multiple sgRNAs

targeting different genes) is proposed to activate several genes

simultaneously (Shrestha et al., 2018). Under the influence of a
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stress-inducible synthetic promoter, the dCas9-activator is

expressed along with a transcript of multiple short guide RNAs.

The short guide RNAs will define the target promoters of the

activator and, in a positive-feedback mechanism, upregulate its

transcription (Shrestha et al., 2018). Table 2 lists the different

synthetic transcription factors developed and utilized for regulating

endogenous genes or transgenes in plants.

Several studies in plants have demonstrated the feasibility of

synthetic transcription factors in driving in vivo gene expression.

However, when selecting appropriate DNA binding and effector

domains, the desired strength and specificity of gene expression

must be considered. Lowder et al., 2018 proposed the existence of a

fold-activation ceiling for endogenous genes; above this threshold,

gene silencing mechanisms are triggered. Genes with very low

baseline expression achieved higher fold activation through

synthetic TFs, but increasing the expression of genes under

vigorous transcription resulted in transcriptional repression or

gene silencing. Furthermore, different types of synthetic activators

can exhibit varying activation efficiencies for the same gene. Li et al.

(2017) found that dCas9:VP64 and dCas9:TV TFs displayed

contrasting activation efficiencies for the endogenous gene RLP23.

While dCas9:TV induced a 44-fold activation, dCas9:VP64 slightly

suppressed RLP23 expression in Arabidopsis.

Synthetic DBDs with unique binding sites maximize target

specificity. However, synthetic DBDs can still display off-target

binding to homologous sequences. Online prediction tools can

assist researchers in designing unique sgRNAs with reduced off-

target effects (Guo et al., 2023). Alternatively, a recent study in yeast

has highlighted the advantage of weakly binding cooperative TF

assemblies over lock-and-key specificity. Bragdon et al., 2023 found

that high specificity emerged from cooperative interactions of TFs

that are individually weak and non-specific. The cooperative TF

assemblies enhanced circuit performance and reduced circuit-

imposed fitness cost, thereby increasing the evolutionary stability

of synthetic circuits.
8 The success of synthetic genetic
circuits in plants

Plant regulatory mechanisms sense and integrate various

exogenous (environmental) and endogenous (genetic ,

developmental, metabolic) cues (Andres et al., 2019). Most plant

signaling pathways comprise multiple components, exhibit

extensive feedback control, cross-interaction with other networks,

and redundancy of function (Pokhilko et al., 2013; Fogelmark and

Troein, 2014). Therefore, targeted manipulation of native signaling

circuits is challenging. Novel networks can substitute a plant’s

native metabolic routes and systems. Fully synthetic circuits with

orthogonal sensing, signaling, and output elements offer the

advantage of minimizing cross-talk with endogenous pathways.

They can improve the efficiency of signaling cascades by

bypassing endogenous regulation (Andres et al., 2019).
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TABLE 2 Synthetic transcription factors utilized in plant systems.

DNA-
binding domain

Effector
domain

Effector
function

Application Reference

Zinc-finger domain VP16
VP64

Activator 5-7-fold increase in endogenous At4CL1 transcript levels in
Arabidopsis thaliana under constitutive promoter

Sánchez et al., 2006;
Gupta et al., 2012

C1 Activator Heritable 20-fold increase in a-tocopherol percentage in seed under
seed-specific promoter

Van Eenennaam
et al., 2004

Plant-based zinc-finger domain under CaMV35S constitutive
promoter showed 5-25-fold increase in AtADH protein activity

Holmes-Davis
et al., 2005

CRP Activator Chloroplast-targeted zin-finger activator under AtFEDS promoter
showed variable photosynthetic performance and growth depending
on T-DNA insertion site

Tol et al., 2019

LuxR Activator Less-effective chloroplast-targeted zinc-finger activator due to
residual DNA-binding activity of LuxR effector domain

KRAB Repressor 15-20-fold decrease in endogenous At4CL1 transcript levels in
Arabidopsis thaliana

Sánchez et al., 2006

TALE XcvAvrBs3;
XcvAvrBs4

Activator Increased transcript levels of AtEGL3 and AtKNAT1 induced by
dTALE[EGL3] and dTALE[KNAT1], respectively, under
CaMV35S promoter

Morbitzer
et al., 2010

A library of dTALE activated synthetic promoters exhibiting
expression levels varying from 5-90% of that of CamV35S promoter

Brückner et al., 2015

XooAvrXa10 Activator dTALE-xa27 demonstrated as an active avirulence factor against
Xanthomonas oryzae pv oryzae corresponding to the disease-
resistant gene xa27 in rice cultivar IR64

Li T. et al., 2013

Mutiplexed TALE VP64 Activator Simultaneous targeted activation of three Arabidopsis genes CSTF64,
GL1, RBP-DR1

Lowder et al., 2018

Gal4 VP16
TAC3d2

Activator GAL4:TAC3d2 and GAL4:VP16 binding to the hybrid promoter
FM’M induced high levels of recombinant protein production.
GAL4:TAC3d2 activation induced greater effect than GAL4:VP16 as
TAC3 activates transcription at both proximal and distal locations of
the promoter.

Yun et al., 2023

Yeast DBD
(MCM1, Gat1, Mata1,
Mata2, Yap1)

VP16
C1

Activator A library of synthetic TFs designed by leveraging orthogonal
regulatory systems from Saccharomyces spp.

Belcher et al., 2020

STDX Repressor

Prokaryotic DBD
(TetR, LacI, LexA, PhlF)

VP16
ERF2

Activator A library of synthetic TFs designed by leveraging orthogonal
bacterial regulatory systems. Nine out of ten synthetic activators
induced 3-45-fold increase in transcription.

Brophy et al., 2022

TOPLESS(TPL)
ZAT10(Z10)
ERF4

Repressor A library of synthetic TFs designed by leveraging orthogonal
bacterial regulatory systems. Only four of the tested synthetic
repressors generated more than 2 factor change in gene expression.
None of the tested repressors achieved complete gene repression.

Brophy et al., 2022

dCas9 VP64 Activator Orthogonal control system with dCas9:VP64 activator and gRNA
expression cassettes under inducible POLII promoters

Kar et al., 2022

2-7-fold increase in transcriptional activation of AtPAP1 and 3-7.5-
fold increase in transcriptional activation of AtmiR319 by dCas9:
VP64 in transgenic Arabidopsis. The increased expression failed to
generate overexpression phenotype in Arabidopsis.

Lowder et al., 2015

1.6-5.6-fold increase in transcriptional activation of UFGT in
transgenic grape

Ren et al., 2022

EDLL
TAL

Activator dCas9:EDLL and dCas9:TAD mediated 5-fold and 6-fold increase in
transcriptional activation in transient assay

Piatek et al., 2015

TV Activator Endogenous AtWRKY30 and RLP23 transcriptional activation by 48-
139-fold and over 30-fold in Arabidopsis

Li et al., 2017

Xiong et al., 2021

(Continued)
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Synthetic genetic circuits aim to introduce novel functionalities in

plants including improving crop productivity and the production of

pharmaceuticals. There exist different types of synthetic circuits.

Simple circuits integrate a few signals to perform basic functions.

Toggle circuits generate two switchable outputs arranged in

feedback such that one controls the other, and self-sustaining

oscillatory circuits are characterized by periodic expression.

Boolean logic gate circuits that combine multiple input signals to

give a defined yes-or-no output have been designed and

implemented in prokaryotic, yeast and animal models (Andres

et al., 2019; Baldwin et al., 2016).

However, introducing synthetic circuits in plants is an

exhaustive design-build-test-learn cycle. A robust synthetic circuit

must be able to tolerate cellular perturbations and function

seamlessly along with endogenous pathways (Liu et al., 2013). A

specifications-based synthetic systems biology approach involving

in silico model-based computer simulations and mathematical

analysis allow several designs to be tested and optimized before

committing to in-vitro or in-vivo realization (Baldwin et al., 2016).

Ideally, repositories of biological models, curated circuit parts, and

associated parameter values can simplify circuit design and

optimization. However, such databases are still in their infancy,

especially for plant systems. In the past decade, several

computational tools have been created for designing and behavior

prediction of synthetic circuits (Devarajan et al., 2022). Although

most of these tools are optimized for prokaryotic systems, they can

be adopted for plants, provided orthogonal parts are available

(Devarajan et al., 2022). Systems and synthetic biology
Frontiers in Plant Science 12
approaches can feed into each other to build on complex genetic

networks (Chen and Wu, 2014).

Tuning and optimization of circuit and circuit parts require

quantitative assays that can assess functioning in a short duration

and high throughput manner. Brophy et al., 2022 analyzed the gene

expression and specificity of a collection of synthetic transcriptional

regulators and logic gate circuits through Agrobacterium-mediated

expression assay in Nicotiana benthamiana. The synthetic

regulators drove the expression of the green fluorescent protein,

which was normalized against a constitutively expressed mCherry

encoded on the same T-DNA. A dual luciferase (Renilla: firefly)

reporter assay has also been developed to test circuits and circuit

components in Arabidopsis protoplasts (Khan et al., 2024).

Several Boolean logic circuit designs have been tested in plants

in recent years. Brophy et al., 2022 designed a collection of logic

gates and tested their capacity to give specific spatial expression

patterns in Arabidopsis root tissues. The designed BUFFER gates

were applied to express slr-1(mutant INDOLE-3-ACETIC ACID

INDUCIBLE14 regulator that eliminates root branching) in lateral

root stem cells. slr-1 expression was activated through the AmtR-

VP16 TF placed under GATA23 (a lateral root-specific promoter).

The synthetic promoter driving slr-1 contained multiple operator

sites mutated to give a range of expressions that translated into

plants showing a gradient of root densities. Khan et al. (2024) have

designed and tested a collection of CRISPR interference (CRISPRi)-

based logic circuits in Arabidopsis protoplasts.

Complex circuits can be created with logic gates feeding into

each other to achieve high levels of transcriptional control and
TABLE 2 Continued

DNA-
binding domain

Effector
domain

Effector
function

Application Reference

Endogenous OsGW7 and OsER1 transcriptional activation by up to
3,738-fold in rice, persisting at least till the 4th generation

5.7-7.2-fold increase in transcriptional activation of UFGT in grape Ren et al., 2022

SunTag Activator dCas9:VP64 with additional p65-HSF generated the overexpression
phenotype of AtPAP1 in Arabidopsis

Park et al., 2017

SunTagVP64 is highly specific and efficient for multiplexing
compared to zinc finger activators or TAL effectors

Papikian et al., 2019

VP64-EDLL Activator Tissue-specific expression of dCas9:VP64 EDLL and constitutive
expression of gRNA cassette resulted in ~2-5-fold increase in
endogenous CGA1 levels depending on site of transgene integration

Lee et al., 2021

CRISPR ACT2.0 Activator CRISPR-ACT2.0 induced 30-45-fold activation of PAP1 and up to
1500-fold activation of FIS2 in Arabidopsis, a 3-4-fold improvement
over dCas9-VP64

Lowder et al., 2018

CRISPR ACT3.0 Activator CRISPR-ACT3.0 simultaneously targeted AtFT and AtTCL1 and
induced 130-fold-240-fold and 3-8-fold activation, respectively,
in Arabidopsis.

Pan et al., 2021

SRDX Repressor dCas9:SRDX-mediated significant repression of phytoene desaturase
in Nicotiana benthamiana through gRNA-guided binding to the
sense strand of the promoter and the first exon

Piatek et al., 2015

Degron sequence
+TOPLESS
(TPL)

Repressor Hormone-sensitive dCas9 repressors used as sensors to endogenous
hormone distribution; auxin-sensitive dCas9 repressor suppressed
auxin transporter PIN1 expression and altered shoot architecture
in Arabidopsis

Khakhar et al., 2018
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insulation from endogenous pathways. Orthogonal TF- and

CRISPRi-based circuits depend on input signals to induce

transient changes in gene expression. Recombinase-based

memory gene circuits offer an output activity that persists beyond

the input signal and locks in the expression state (Lloyd et al., 2022).

In recombinase-based circuits, the system is in the ‘OFF’ state until

exposed to the input signal. The ‘OFF’ state is achieved by

introducing a strong transcriptional terminator, flanked by

recombination sites, between the gene’s promoter and coding

region. When exposed to the input signal, the recombinase

enzyme cleaves the terminator sequence turning the system ‘ON’

(Lloyd et al., 2022). The target gene can be repressed by flanking the

promoter or the coding region with recombinase sites. The input

signal, or the recombinase enzyme’s conditional expression, is

executed by placing it under an inducible promoter. Lloyd et al.,

2022 designed recombinase-based 1 and 2- input logic gates with

Flippase (Flp) and B3 recombinases and demonstrated their

functioning in Arabidopsis.

Synthetic circuits require rigorous tuning. Well-characterized

circuit components may not function predictably in the system

(Brophy et al., 2022). The type and architecture of the construct also

affect gene expression levels (Khan et al., 2024; Lloyd et al., 2022).

Multiple-switch circuits consider many input signals to define

output and can reduce leaky expression but are hard to stabilize.

An imbalanced expression of inputs can break down the circuit,

especially in circuits involving TFs. A leaky or aberrant gene

expression is intolerable for many applications.

Stable transgenes often experience gene-silencing effects

(Rajeevkumar et al., 2015). In the context of a synthetic circuit,

diminished expression of a single transgene can interfere with the

whole circuit operation, making it imperative to minimize gene

silencing triggers. Gene silencing can occur through sequence-

dependent inactivation by acquiring specific epigenetic markers

(Bewick and Schmitz, 2017). A comparative study in Arabidopsis

found striking epigenetic differences in endogenous genes and

transgenes, owing to the difference in reactivity to the H3K4me3

demethylase, JMJ14 (Butel et al., 2021).

Promoters differ in sensitivity to epigenetic silencing (Cabrera

et al., 2022). However, as silencing effects also depend on the locus

of integration and cell type, it is difficult to ascertain the effect of the

promoter alone. The promoter’s influence on gene silencing can be

tested by controlling for genomic context and varying the selected

promoter (Cabrera et al., 2022). Performing such characterizations

on a large scale will assist in promoter selection.

In plants, RNA-dependent RNA polymerases initiate post-

transcriptional gene silencing (PTGS) by dsRNA formation from

aberrant RNA (Zhang et al., 2015). RNA Quality Control (RQC)

pathways check aberrant RNA produced from endogenous genes

and transgenes exceeding a certain threshold. However, high levels

of transgene expression can result in RQC failure and RDR-

dependent PTGS (Martıńez de Alba et al., 2015). Transgenes

expressed under a strong promoter and/or tandem copies of

transgenes induce PTGS most efficiently (Sidorenko et al., 2017).

As synthetic promoters are designed to offer strong activity, they are
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susceptible to silencing effects. Employing inducible systems with

external control (through small molecule/stress-/light-stimulus) to

maintain a tightly regulated OFF state provides an additional layer

of safety (Cabrera et al., 2022). The orthogonality of circuit

components also reduces off-target effects and homology-

dependent gene silencing (Yasmeen et al., 2023). Expanding the

toolkit of orthogonal promoters and TFs for plants will provide

greater flexibility to circuit design and insulation from

endogenous pathways.
9 Conclusion

The agricultural challenges to be faced may require the

advanced solution of synthetic biology. Multigene circuits aim to

engineer plants with novel functionalities. Such complex circuits

need tight transcriptional control with minimal cross-talk and

homology with endogenous sequences. Promoters are vital

elements in circuits that decide the spatiotemporal expression of

genes. The order, copy number, and spacer length of CREs are

critical factors that determine the strength and activity of the

promoter. Decades of research have identified CREs that act in

particular stimuli. However, databases of CREs are still incomplete,

as many plant regulatory mechanisms remain unclear. Combining

synthetic promoters with synthetic enhancers and TFs ensures

better regulation of multigene circuits. Genome-wide studies of

plant enhancer regions are lacking, causing TFBS databases to

remain incomplete. TFBS redundancy, indirect recruitment of

unknown TFs, and insufficient knowledge of plant enhancers are

responsible for the difficulty in designing enhancer modules with

predictable strength and function. Large-scale genome-wide studies

in different plant models are needed to understand better and apply

their complex regulatory mechanisms.

Expanding the repertoire of synthetic regulatory modules to

include a variety of stimuli- and tissue-specific promoters,

enhancers, silencers, activators, repressors, and TFs is necessary

to achieve fine-tuned circuits with specific spatiotemporal

expression patterns. Toolkits of synthetic promoters, activators,

and TFs have been designed for plant use. Despite the progress in

designing synthetic regulatory elements, establishing entire circuits

with multiple transgenes and separate regulatory networks is a

challenge that requires repeated design-build-test cycles.

Characterized circuit elements can behave unpredictably when

introduced into plant systems. Synthetic circuits can impact the

intricate regulatory mechanisms that vary among cells. Transient

expression methods and the advances in single-cell measurements

and spatially resolved omics can potentially provide more precise

measurements of circuit strength and further develop circuit

technology. Strategies like single-cell RNA sequencing can help

discover cell type-specific promoters, CREs, and miRNAs that

enable cell-specific gene expression and minimize pleotropic

effects (Marand et al., 2021; Zhang et al., 2019). However, the

broad use of single-cell omics approaches faces several challenges

including the lack of standardized protocols for sample preparation
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and data analysis across plant species (Islam et al., 2024). Efforts in

this direction will increase reproducibility and expand the omics

databases. Integrating different omics data can enhance the

researcher’s comprehension of cellular processes. Integrative

analysis platforms like GLUE (graph-linked unified embedding)

(Cao and Gao, 2022) and Con-AAE (Contrastive cycle adversarial

Autoencoders) (Wang et al., 2023) need to be further developed to

handle the vast amount of data collected across plant species.
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Martıńez de Alba, A. E., Moreno, A. B., Gabriel, M., Mallory, A. C., Christ, A.,
Bounon, R., et al. (2015). In plants, decapping prevents RDR6-dependent production of
small interfering RNAs from endogenous mRNAs. Nucleic Acids Res. 43, 2902–2913.
doi: 10.1093/nar/gkv119

Matys, V., Fricke, E., Geffers, R., Gößling, E., Haubrock, M., Hehl, R., et al. (2003).
TRANSFAC®: transcriptional regulation, from patterns to profiles. Nucleic Acids Res.
31, 374–378. doi: 10.1093/nar/gkg108

Mehrotra, R., Gupta, G., Sethi, R., Bhalothia, P., Kumar, N., and Mehrotra, S. (2011).
Designer promoter: an artwork of cis engineering. Plant Mol. Boil 75, 527–536.
doi: 10.1007/s11103-011-9755-3

Mehrotra, R., and Mehrotra, S. (2010). Promoter activation by ACGT in response to
salicylic and abscisic acids is differentially regulated by the spacing between two copies
of the motif. J. Plant Physiol. 167, 1214–1218. doi: 10.1016/j.jplph.2010.04.005

Mehrotra, R., Renganaath, K., Kanodia, H., Loake, G. J., and Mehrotra, S. (2017).
Towards combinatorial transcriptional engineering. Biotechnol. Adv. 35, 390–405.
doi: 10.1016/j.bioteChadv.2017.03.006

Mehrotra, R., Sethi, S., Zutshi, I., Bhalothia, P., and Mehrotra, S. (2013). Patterns and
evolution of ACGT repeat cis-element landscape across four plant genomes. BMC
Genom. 14, 1–11. doi: 10.1186/1471-2164-14-203
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