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Abstract 

Synthetic biology has revolutionized the creation of microbial cell factories for the efficient production of value-added 
chemicals and materials from renewable resources. The rational design of these factories is based on the ability to pre-
cisely regulate the expression of multiple genes, enabling the programming of cells to exhibit desired behaviors. 
Tools for modulating gene expression facilitates the construction of intricate genetic circuits and complex metabolic 
pathways optimized for the efficient production of target chemicals and materials. In this review, we delve into recent 
synthetic biology tools and strategies that are used to efficiently control transcription, translation, as well as other 
gene expression-related processes. Representative examples emphasizing their practical applications are also illus-
trated. Additionally, we discuss future perspectives on the development and application of gene expression modula-
tion tools, envisioning their pivotal role towards fostering a more sustainable bio-based economy.
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Graphical Abstract

Introduction
Synthetic biology, also called engineering biology, is a 
principle of biology for creating synthetic organisms that 
can perform specific functions [1]. This field involves 
assembling and integrating standardized biological parts 
or modules to construct these organisms, which can 
serve as microbial cell factories, live therapeutics, or diag-
nostics [2–4]. Before the 2000s, synthetic biology often 
relied on techniques like random mutagenesis and sim-
ple gene overexpression or deletion. On the other hand, 
the advancement of DNA sequencing and synthesis tech-
nologies has led to rapid and inexpensive construction of 
complex gene clusters that can be introduced into target 
cells. Additionally, the development of genome engineer-
ing tools has enabled precise genome editing as well as 
the incorporation of programmable genetic circuits (e.g. 
toggle switches and biological logic circuits), enhancing 
the capability to design and control biological systems 
with unprecedented precision [5, 6].

Among diverse applications of synthetic biology, the 
construction of microbial cell factories capable of pro-
ducing value-added chemicals and materials from renew-
able resources is of great interest. To construct efficient 
cell factories, the metabolic and regulatory pathways 
of the host strain should be optimized to balance cell 
growth with maximum production of the desired prod-
uct. Feedback inhibitions and toxic intermediate accu-
mulation should be resolved as well. Advances in gene 
expression modulation tools have enabled precise tuning 
of enzyme activity and the high-throughput identification 

of optimal gene expression level for enhanced product 
biosynthesis. In addition, the emergence of genome-scale 
metabolic models for model microorganisms and the 
automated design of synthetic genetic circuits has revo-
lutionized the construction of programmable cell facto-
ries. These advanced tools offer precise control over gene 
expression, enabling the creation of functionalities that 
could not have been achieved by the conventional knock-
out and overexpression methods.

This review delves into the recent advancements in 
gene expression regulation tools and strategies, spe-
cifically focusing on their applications in bacteria. First, 
recent tools and strategies corresponding to the control 
of different stages within the central dogma are reviewed 
with accompanying examples. Subsequently, the review 
will discuss the utilization of these tools in construct-
ing large libraries for high-throughput screening and 
their collaborative use with artificial intelligence (AI) in 
designing predictable cell factories. Finally, the review 
concludes with future perspectives. It is also worth not-
ing that the readers are guided to other excellent reviews 
for more details on the tools and strategies for genome 
engineering and/or gene expression control throughout 
the article [7].

Transcriptional control of gene expression
The central dogma of molecular biology, which describes 
the flow of genetic information within a cell, is a fun-
damental principle that applies across all organisms. 
Therefore, it is important to review various tools that can 
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control each level of the central dogma—transcription, 
translation, as well as post-translational processes. A 
primary approach for transcriptional regulation involves 
promoters of varying strengths to modulate the rate of 
transcription initiation. In a recent study, a computa-
tional model that can accurately predict the strength of 
any σ70 promoter sequence was developed using biophys-
ics and machine learning along with massively parallel 
assays (Fig. 1a) [8]. This model was particularly useful for 
designing promoters with specific transcription initiation 
rates [8]. Transcription factors (TFs) are also responsi-
ble for the target gene expression modulation by either 
repressing or activating the recruitment of sigma fac-
tors and RNA polymerase to the promoter region. The 
interaction with a chemical ligand can alter the three-
dimensional structure of TFs, affecting their promoter 

binding and enabling the modulation of gene expression 
in response to various environmental stimuli. Exploring 
TFs sensitive to specific chemicals or using mutated TF 
libraries enhances the ability to regulate gene expression 
dynamically, leading to the versatile design of synthetic 
genetic circuits or biosensors (Fig.  1a) [9, 10]. A recent 
report found that eukaryotic transcriptional activator 
QF can also be used for target gene activation in Escheri-
chia coli BL21(DE3) with the use of Q-system upstream 
activating sequence (QUAS), showcasing the potential of 
broadly applicable genetic devices [11].

Quorum sensing effectively regulates gene expression 
transcriptionally in response to changes in cell-pop-
ulation density. This mechanism leverages transcrip-
tion factors (TFs), such as LuxR, which are activated 
by autoinducers produced by the host cell once their 

Fig. 1 Gene expression modulation tools classified according to their mechanisms. a Tools for transcriptional modulation. Strategies for promoter 
design, transcription factor design, dCas9-based modulation, and anti-termination using sRNA are shown. b Tools for translational modulation. 
Strategies for RBS design, riboswitch-based modulation, dCas13-based gene repression or activation, and synthetic sRNA-based gene repression 
are shown. c Other tools for gene expression modulation. Strategies for DNA methylation-based modulation and protein degradation-based 
modulation are shown. Abbreviations are: 5’UTR, 5’ untranslated region; crRNA, CRISPR RNA; CRISPRa, CRISPR activation; CRISPRi, CRISPR interference; 
IF3, translation initiation factor 3; MTase, methyltransferase; ORF, open reading frame; PDT, protein degradation tag; RBS, ribosome-binding site; 
RNAP, RNA polymerase; sRNA, small RNA; TF, transcription factor



Page 4 of 10Chang et al. Biotechnology for Sustainable Materials             (2024) 1:6 

concentrations exceed a certain threshold [12]. There-
fore, quorum sensing is useful for the redirection of 
metabolic pathways based on cell growth phases. For 
example, achieving high-level production of poly-γ-
glutamic acid (γ-PGA) in B. subtilis was challenging 
due to the strong viscosity of γ-PGA that impedes cell 
growth. By employing a quorum sensing system to 
activate biosynthetic genes once cell growth surpasses 
a specific threshold, γ-PGA production in B. subtilis 
was significantly increased to 6.73 g/L [13]. In another 
example, a bacteriophage lysis gene (φX174 E) was 
expressed under the luxI promoter in E. coli, enabling 
periodic cell lysis upon reaching the quorum threshold. 
This strategy proved particularly effective for the timed 
release of drugs to specific tissues [14].

Trans-acting transcription modulating tools are 
useful for fine-tuning target gene expression. Clus-
tered regularly interspaced short palindromic repeats 
(CRISPR)/Cas system has been the most widely used 
tool of this kind. The use of catalytically inactive Cas9 
(dCas9), which binds to DNA sequences under the 
guidance of single-guide RNA (sgRNA), enables both 
repression and activation of gene expression (Fig.  1a). 
CRISPR interference (CRISPRi) involves the binding of 
dCas9 to the transcription initiation region, preventing 
the binding of RNA polymerase and thereby repress-
ing transcription [15]. A combined CRISPR/CRISPRi 
system utilizing both Cas9 and dCas9 has facilitated 
multiplex control of gene expression, allowing for tar-
geted gene knockout, knockdown, and knockin. This 
approach was applied to increase succinate production 
while reducing byproduct formation in E. coli [16]. To 
mitigate dCas9-associated toxicity in bacteria, a vari-
ant of dCas9 was engineered without the protospacer 
adjacent motif (PAM) binding sequence and combined 
with the PhlF repressor. This modified dCas9 exhib-
ited decreased nonspecific binding and reduced toxic-
ity [17]. In another study, an sgRNA mutant library was 
constructed and tested for fine-tuning gene expres-
sion levels, achieving a > 45-fold dynamic range in gene 
expression [18]. This system was used for the enhanced 
production of violacein [18]. On the other hand, 
CRISPR activation (CRISPRa) involves dCas9 fused 
with transcription activators to enhance gene tran-
scription [19]. Since eukaryotic activators like VP64 
are ineffective in bacteria, bacterial proteins, bacterio-
phage/transposon-derived effectors, or RNA polymer-
ase subunits have been utilized instead. Among these, 
the E. coli regulator SoxS has shown significant efficacy 
in activating target genes in E. coli [20]. Such CRISPR-
based tools offer adaptable multiplex transcriptional 
modulation, achieving desired levels of gene expres-
sion. For further information on CRISPR tools for gene 

expression regulation, readers are encouraged to refer 
to additional reviews [21, 22].

Small RNAs (sRNAs) are another tool for modulating 
gene expression, binding complementarily to the target 
mRNA and thereby regulating its translation. Interest-
ingly, sRNAs also play a role in transcriptional regulation 
by inhibiting transcription termination. While Rho fac-
tors are generally known to bind to the 3’-ends of mRNAs 
for transcription termination, they can also initiate pre-
mature transcription termination by binding to the 5’ 
untranslated region (5’UTR). Some sRNAs (e.g. DsrA, 
RprA, ArcZ) in E. coli have been found to interact with 
or near Rho utilization sites, facilitating anti-termination 
and thus activating target genes (Fig. 1a) [23]. However, 
the practical application of these tools for microbial cell 
factory development has not yet been reported. Small 
transcription-activating RNA (STAR) can also be used 
to activate the transcription of target genes [24]. STAR 
regulators consist of an RNA with a terminator hairpin 
placed upstream of the target gene, along with a comple-
mentary STAR. Typically, the terminator hairpin halts 
transcription of the target gene, but in the presence of 
STAR, which binds to the hairpin, transcription is turned 
on. Recently, STARs tailored for E. coli were effectively 
adapted for various Gram-negative bacteria, with multi-
ple STARs being fused together (resembling the CRISPR 
array) for adjustable control of gene expression [25].

Synthetic genetic circuits, empowered by transcrip-
tional control tools, offer dynamic regulation of gene 
expression [26, 27]. For example, to enable the auto-
mated design of complex genetic circuits on demand, a 
computational tool was developed by connecting vari-
ous transcriptional gates that are regulated by diverse 
transcriptional controlling tools such as TFs responsive 
to different ligands, recombinases, and the CRISPR/
Cas system [28]. In another example, a TF responsive 
to a specific target product was employed to trigger the 
expression of an essential gene. This boosted the growth 
of the host strain, particularly in environments with high 
concentrations of the target product. The two essen-
tial genes folP (encoding tetrahydropterin synthase) and 
glmM (encoding phosphoglucosamine mutase) were 
expressed under the  PBAD promoter, enabling transcrip-
tional control in response to the mevalonate-responsive 
 TFAraCmev, a variant of AraC originally responsive to 
arabinose [29]. Implementing this approach led to stable 
production of mevalonate over 95 generations, demon-
strating robust industrial applicability. Employing CRIS-
PRi and/or CRISPRa also allowed the construction of 
complex multi-layer cascades and feedforward loops in 
E. coli, proving the potential of using such transcriptional 
modulation tools for the development of programmable 
synthetic bacteria [30].
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Translational control of gene expression
The advancement of translational modulation tools has 
introduced an additional dimension for controlling gene 
expression in bacteria. A conventional method involves 
the development and utilization of ribosome-binding 
sites (RBSs) with varying strengths to regulate translation 
efficiency. Recently, computational tools were developed 
to predict RBS strengths and design RBSs with desired 
translation efficiencies, allowing for more refined control 
over translation (Fig. 1b) [31]. Another approach involves 
regulating RNA stability and degradation. For instance, 
hairpin-forming RNA sequences (i.e. degradation-tuning 
RNAs) were inserted at the 5’-end of the target genes 
for predictable adjustment of RNA degradation rates, 
achieving a 40-fold range in transcript stability modula-
tion in E. coli [32]. These methods offer more secure and 
adjustable control of target gene expression.

Translation efficiency largely depends on the 3D con-
formation of the mRNA 5’-ends. Therefore, cis-reg-
ulatory RNA sequences, known as riboswitches, can 
be inserted at the 5’-end of target genes to fine-tune 
translation efficiency and modulate gene expression in 
response to specific nucleic acids or chemicals. One of 
the most representative examples is the toehold switch, 
where the RBS is flanked by hairpin structures (Fig. 1b). 
These structures unfold upon binding with short, par-
tially complementary RNA sequences, activating gene 
expression. Toehold switches have been refined to detect 
single nucleotide variations in target mRNA through pre-
cise thermodynamic design [33]. Furthermore, toehold 
switches can enhance the production of full-length pro-
teins or enzymes. Inserting a trigger RNA sequence at the 
3’-end of the target mRNA leads to circularization upon 
activation, enhancing transcript stability and promoting 
the production of full-length enzymes [34]. Introducing 
this system in E. coli resulted in enhanced production of 
3-hydroxypropionic acid (2.1  g/L), violacein (2.19  mg/
gCDW), and lycopene (1.52  mg/gCDW) [34]. Despite 
these advances, riboswitches often result in low gene 
expression levels [35] and exhibit high context sensitivity, 
posing challenges for predictable gene expression [36]. 
These limitations highlight areas for further development 
in this field.

Trans-acting translation modulation tools provide ver-
satile regulation of target gene expression and facilitate 
high-throughput screening of target chemical overpro-
ducers. While the CRISPR/Cas9 system is responsible for 
transcriptional modulation by binding to target DNAs, 
the CRISPR/Cas13 system is responsible for transla-
tional modulation by binding to target mRNAs (Fig. 1b). 
A key advantage of Cas13 over Cas9 is its independence 
from PAM sequences for target recognition, offering 
greater flexibility in designing target-binding sequences 

[37]. Following the development of CRISPRi, a catalyti-
cally inactive version of Cas13 (dCas13) was engineered 
to inhibit the translation of specific genes. The construc-
tion and introduction of 102 guide RNAs into the E. coli 
strain harboring lycopene biosynthetic gene clusters has 
enabled the screening of lycopene overproducers [38]. 
In another study, a translation initiation factor IF3 was 
fused to dCas13 to enhance the translation rate of target 
genes in bacteria [39], presenting a novel approach for 
screening overexpressed target genes that would lead to 
enhanced production of target chemicals.

Synthetic sRNAs are another tool that allows transla-
tional knockdown of target genes [40]. sRNA binding 
with the target mRNA is facilitated by the sRNA scaffold 
(a 3’ hairpin structure providing stability and function-
ality of sRNA) and the Hfq protein (an RNA chaper-
one that facilitates sRNA-mRNA interaction) (Fig.  1b). 
For fine-tuning knockdown efficiency, sRNAs were 
expressed under promoters of varying strengths, lead-
ing to enhanced production of L-proline (33.8  g/L) and 
putrescine (42.3  g/L) in E. coli [41]. Also, simultaneous 
knockdown of multiple target genes was achieved using 
different plasmids with compatible antibiotic markers 
and origins of replication, resulting in increased produc-
tion of L-proline (54.1 g/L) and L-threonine (22.9 g/L) in 
E. coli [42]. For fine-tuning gene expression in a predicta-
ble manner, a protocol for designing sRNA sequences was 
developed, utilizing changes in the free energy of mRNA-
sRNA complex formation (ΔGCF) and the mismatch per-
centage in the target binding region. This approach has 
been successfully validated across both Gram-positive 
and Gram-negative bacteria, and applies to target genes 
located on both plasmids and chromosomes [43].

sRNAs have also been applied in diverse bacterial spe-
cies including Pseudomonas putida [44], B. subtilis [45], 
or Synechococcus elongatus [46]. However, since the 
conventional sRNA platform originated from E. coli, it 
showed limited effectiveness in Gram-positive strains 
such as Corynebacterium glutamicum [47]. To overcome 
this, a new sRNA platform combining the B. subtilis RoxS 
scaffold and Hfq was developed, demonstrating efficient 
gene knockdown across 15 different bacterial strains, 
indicating its wide-ranging applicability. Additionally, the 
use of circularized sRNA, generated from a self-splicing 
RNA strand, has resulted in more durable and stable 
modulation of target gene expression [48].

Bacterial gene expression often occurs through oper-
ons, enabling the simultaneous expression of multiple 
genes from a single transcript. While this characteristic 
implies that transcriptional modulation affects all genes 
within an operon simultaneously, modulation at the level 
of translation permits fine-tuning of expression levels for 
individual genes. Thus, employing both transcription and 
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translation modulation tools enhances the flexibility and 
precision in engineering microbial strains. For instance, 
the combined use of dCas9 and dCas13 facilitates mul-
tiplex modulation of complex biosynthetic gene clusters 
[49]. Such dual application can selectively target genes 
within an operon for repression or activation, or adjust 
the expression of the entire operon, offering a more pre-
cise approach to control gene expression.

Other types of gene expression control
Gene expression can also be regulated through meth-
ods beyond transcription and translation modulations. 
Epigenetic engineering offers a novel approach to mod-
ulating gene expression profiles. In bacteria, which lack 
histones and nucleosomes present in eukaryotes, DNA 
methylation stands out as a key mechanism of epige-
netic engineering. For instance, the methylation of the 
first cytosine in TCTTC motifs to 4-methylcytosine by 
a DNA methyltransferase from Helicobacter pylori has 
been shown to change the expression of 102 genes. Such 
gene expression modulation resulted in altered pheno-
types such as decreased adherence to human gastric 
adenocarcinoma cells and decreased natural transforma-
tion efficiency [50]. The reversible nature of DNA meth-
ylation enables the design of synthetic genetic circuits for 
environmental monitoring. A notable example involves a 
circuit with an operon containing the ccrM gene (encod-
ing a methyltransferase) and a reporter gene (e.g. egfp), 
initially repressed by a zinc finger repressor targeting 
the promoter [51]. Here, CcrM methylates the promoter, 
blocking the repressor and thus activating gene expres-
sion (Fig.  1c). The circuit also includes the mf-Lon pro-
tease, which degrades CcrM under specific conditions, 
leading to promoter inactivation and decreased fluores-
cence, effectively recording the environmental change.

Post-translational control of gene expression is also 
useful for the construction of dynamic metabolic path-
ways. Degrons, peptides responsible for eliciting protein 
degradation, can be used to regulate protein degradation 
for fine-tuning target protein levels [52]. For instance, 
variants of the SsrA degron, each with a different rate of 
proteolysis, allow for the precise tuning of gene expres-
sion [53]. An advantage of using this system is that it can 
be applied to diverse bacterial strains including B. subti-
lis [53], E. coli, and Lactococcus lactis (Fig. 1c) [54]. Fur-
thermore, by attaching two degradation tags—NIa and 
SsrA—to the C-terminus of a protein, intricate control 
over gene expression can be achieved [55]. The SsrA tag 
initiates continuous degradation by ClpXP and ClpAP 
proteases. Activation of the NIa gene, however, cleaves 
off the SsrA tag, stopping the degradation process and 
thus facilitating the accumulation of the protein. This 
conditional degradation strategy has been utilized to 

increase poly-3-hydroxybutyrate production in E. coli by 
separating the production phase from the growth phase 
[55]. The same approach was used in P. putida, to lower 
the basal gene expression from the strong Pm promoter 
by degrading the encoded protein when the promoter 
is inactive [56]. Although post-translational control of 
gene expression is resource-intensive due to the neces-
sity of initial protein synthesis, it enables precise and 
rapid regulation of gene expression. This is achieved by 
rapidly modifying protein activity and levels, bypassing 
the delays inherent in transcriptional or translational 
regulation.

Employing high‑throughput screening and artificial 
intelligence for gene expression modulation
High-throughput genetic engineering methodologies 
have facilitated the creation of diverse genomic modi-
fications and individual gene variants compared to 
conventional single-gene engineering. This approach 
can be leveraged to build efficient microbial cell facto-
ries capable of producing value-added products with 
high titer, yield, and productivity (Fig. 2a). Notably, the 
development of a new synthetic sRNA platform har-
boring the RoxS scaffold and the Hfq chaperone from 
B. subtilis has shown wide applicability in a broad host 
range of bacteria [47]. By introducing an sRNA library 
targeting ~ 3,000 genes in C. glutamicum, the identifi-
cation of a strain producing indigoidine at high levels, 
reaching 54.9 g/L, was demonstrated. Another notable 
advancement involves modular loop engineering within 
the crRNA, which enables precise single-gene repres-
sion with exceptional efficiency (92% knockdown) and 
specificity for single base-pair mismatches [38]. This 
system was successfully applied for identifying new 
sRNA targets aimed for enhanced lycopene produc-
tion (6.21-fold increase compared to the control) in 
E. coli, proving its potential in metabolic engineering 
applications.

Furthermore, the integration of gene expression modula-
tion tools with high-throughput platforms has opened new 
avenues in genome-scale functional genomics research. 
For example, researchers have utilized a genome-scale 
CRISPRi sgRNA library comprising 55,671 sgRNAs to 
identify essential genes in E. coli (Fig. 2b) [57]. By mapping 
the relationships between phenotypes and non-coding 
RNAs, they have not only identified genes for toxic chemi-
cal tolerance, but also gained valuable insights into the 
intricate metabolic networks governing bacterial physiol-
ogy. Additionally, the utilization of random sgRNA librar-
ies has facilitated the discovery of phage-resistance-related 
genes, paving the way for the development of industrially 
robust microbes and novel phage therapies [58].
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Advancements in AI have further enhanced our capa-
bilities in genetic engineering and functional genomics. 
AI-powered predictive models, such as convolutional 
neural networks (CNNs), have revolutionized the pre-
diction of on- and off-target activity of CRISPR tools 
targeting RNA. These sophisticated algorithms lever-
age a dataset including millions of guide RNAs and out-
perform existing models in predicting on-target and 
off-target activities [59]. An improved prediction of on-
target activity of the prokaryotic Cas9/sgRNA system in 
E. coli was recently demonstrated by using CNN with five 
convolution layers (CNN_5layers), demonstrating supe-
rior predictive performance [60]. Another Cas9/sgRNA 
on-target activity prediction model, trained on exist-
ing small datasets, was also developed [61]. This model 
demonstrated enhanced accuracy in predicting sgRNA 
target site sequence-associated activities of TevSpCas9 
and SpCas9 in both Salmonella enterica and Citrobacter 
rodentium, showcasing its broad applicability across dif-
ferent bacterial strains. Translational control of the target 
gene can be also deciphered with the aid of deep learn-
ing (DL) model, called DeepTESR [62]. The researchers 
developed this new framework for predicting transla-
tional efficiency for 139,954 unique transitional elonga-
tion short ramp (TESR) sequences, and the 4307 TESRs 
of the of E. coli K-12 MG1655 were analyzed, providing 
the list of scores for heterologous gene expression.

Moreover, recent AI strategies have enabled an in-
depth understanding of DNA regulatory mechanisms 
underlying gene expressions and the rapid design of 
synthetic regulatory systems. In one study, research-
ers utilized a DL approach for the creation of synthetic 
promoters, resulting in promoters that closely mimic 
their natural counterparts (Fig.  2c) [63]. Remarkably, 
over 70.8% of these synthetic promoters were confirmed 

as functional, with some exhibiting greater activity than 
the most potent mutants of natural promoters. Another 
notable method involved the utilization of DNA-based 
phenotypic recording to evaluate sequence-function 
pairs for 300,000 RBSs in E. coli [64]. This approach, 
coupled with DL techniques, resulted in the genera-
tion of a dataset corresponding to more than 2.7 mil-
lion sequence-function pairs. Such big data allowed 
significant improvements in predictive accuracy, offering 
unprecedented insights into RBS activities.

Conclusions and future perspectives
In this paper, we review the recent advancements made 
in gene expression modulation tools for bacteria and 
their applications in synthetic biology. We delve into 
the latest advancements in controlling transcription and 
translation levels of the central dogma, offering illustra-
tive examples. With the emergence of in silico design 
tools and high-throughput screening methods, achieving 
dynamic and precise control over biomolecular systems 
has become feasible. The tools and examples discussed 
herein hold promise for diverse biological applications, 
spanning synthetic biology, biomedical research, and 
metabolic engineering.

However, despite the progress, the translation of 
these technologies into commercial or industrial-scale 
applications remains limited. For example, optimizing 
regulatory mechanisms, accurately capturing target 
gene responses, and timing gene expression precisely 
within complex metabolic networks remain challeng-
ing, which are often exacerbated by the limitations of 
natural regulatory systems. Moreover, the availability of 
gene expression modulation tools for non-model bac-
teria is still highly limited, underscoring the need for 
the development of a generally applicable engineering 

Fig. 2 Applications of gene expression modulation tools. Various tools described in this paper can be further applied to (a) the production 
of valuable chemicals, (b) therapeutics development, and (c) basic research for fundamental understanding of genetic regulatory networks. 
Abbreviations are: CRISPR, clustered regularly interspaced short palindromic repeats; DL, deep-learning; HTS, high-throughput screening; ncRNA, 
non-coding RNA; RBS, ribosome-binding site; sgRNA, single-guide RNA; uASPIre, ultradeep Acquisition of Sequence-Phenotype Interrelations
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toolkit. For enhanced precision in gene expression 
control, multi-omics analyses will play more impor-
tant roles in bacterial synthetic biology. By combining 
genomics, transcriptomics, proteomics, and metabo-
lomics data, researchers can gain a comprehensive 
understanding of cellular responses to genetic manipu-
lations, enabling the development of more precise and 
efficient control strategies.

Moreover, the integration of machine learning and AI 
techniques holds promise for the design and optimiza-
tion of gene expression modulation tools. By combin-
ing large-scale omics data and computational modeling, 
AI-driven approaches can effectively guide the rational 
design of genetic circuits and predict their performance 
in silico. This synergistic combination of experimental 
and computational methods will facilitate the develop-
ment of more predictive and efficient control of gene 
expression.

Beyond conventional industrial applications, the col-
laborative work of synthetic biologists, metabolic engi-
neers, and computer scientists is poised to significantly 
advance the development of biological parts and mod-
ules, paving the way for novel applications in the biomed-
ical and environmental sectors. More specifically, these 
tools can be leveraged for the development of next-gen-
eration therapeutics, diagnostics, bioremediation, and 
the production of biofuels and bioplastics. In summary, a 
deeper understanding of the fundamental aspects of gene 
regulation, combined with cutting-edge technologies, 
will open new avenues for the innovative applications of 
synthetic biology, contributing to the bio-based future 
and the advancement of science.

Abbreviations
5’ UTR   5’ Untranslated region
AI  Artificial Intelligence
CNN  Convolutional neural network
CRISPR  Clustered regularly interspaced short palindromic repeats
CRISPRa  CRISPR activation
CRISPRi  CRISPR interference
dCas9  Catalytically inactive Cas9
dCas13  Catalytically inactive Cas13
DL  Deep learning
PAM  Protospacer adjacent motif
QUAS  Q-system upstream activating sequence
RBS  Ribosome-binding site
sgRNA  Single-guide RNA
sRNA  Small RNA
STAR   Small transcription-activating RNA
TBR  Target binding region
TESR  Transitional elongation short ramp
TF  Transcription factor

Acknowledgements
Not applicable.

Authors’ contributions
MC and SJA contributed to writing – original draft and collecting the litera-
tures; TH and DY contributed to conceptualization, writing – original draft, 
writing – review & editing. All authors read and approved the manuscript.

Funding
This work was supported by the Bio-Industrial Strategic Technology Develop-
ment Program (20026226, Development of rebaudioside bio-manufacturing 
technology and multifunctional application products using plant-derived 
biomass) funded by the Ministry of Trade, Industry & Energy(MOTIE, Korea).

Availability of data and materials
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Synthetic Biology and Enzyme Engineering Laboratory, Department 
of Chemical and Biological Engineering, Korea University, Seoul 02841, Repub-
lic of Korea. 2 Metabolic and Biomolecular Engineering National Research 
Laboratory and Systems Metabolic Engineering and Systems Healthcare 
Cross-Generation Collaborative Laboratory, Department of Chemical and Bio-
molecular Engineering (BK21 Four), Korea Advanced Institute of Science 
and Technology (KAIST), Daejeon 34141, Republic of Korea. 3 BioProcess Engi-
neering Research Center, KAIST, Daejeon 34141, Republic of Korea. 

Received: 7 March 2024   Accepted: 20 April 2024

References
 1. Benner SA, Sismour AM. Synthetic biology. Nat Rev Genet. 2005;6:533–43.
 2. Daeffler KN, Galley JD, Sheth RU, Ortiz-Velez LC, Bibb CO, Shroyer NF, 

Britton RA, Tabor JJ. Engineering bacterial thiosulfate and tetrathionate 
sensors for detecting gut inflammation. Mol Syst Biol. 2017;13:923.

 3. Isabella VM, Ha BN, Castillo MJ, Lubkowicz DJ, Rowe SE, Millet YA, Ander-
son CL, Li N, Fisher AB, West KA, et al. Development of a synthetic live 
bacterial therapeutic for the human metabolic disease phenylketonuria. 
Nat Biotechnol. 2018;36:857–64.

 4. Yang D, Park SY, Lee SY. Production of rainbow colorants by metabolically 
engineered Escherichia coli. Adv Sci. 2021;8:e2100743.

 5. Nielsen AA, Der BS, Shin J, Vaidyanathan P, Paralanov V, Strychalski EA, 
Ross D, Densmore D, Voigt CA. Genetic circuit design automation. Sci-
ence. 2016;352:aac7341.

 6. Gardner TS, Cantor CR, Collins JJ. Construction of a genetic toggle switch 
in Escherichia coli. Nature. 2000;403:339–42.

 7. Kent R, Dixon N. Contemporary tools for regulating gene expression in 
bacteria. Trends Biotechnol. 2020;38:316–33.

 8. LaFleur TL, Hossain A, Salis HM. Automated model-predictive design of 
synthetic promoters to control transcriptional profiles in bacteria. Nat 
Commun. 2022;13:5159.

 9. Nasr MA, Timmins LR, Martin VJJ, Kwan DH. A versatile transcription factor 
biosensor system responsive to multiple aromatic and indole inducers. 
ACS Synth Biol. 2022;11:1692–8.

 10. Gong X, Zhang R, Wang J, Yan Y. Engineering of a TrpR-based biosen-
sor for altered dynamic range and ligand preference. ACS Synth Biol. 
2022;11:2175–83.

 11. MacDonald IC, Seamons TR, Emmons JC, Javdan SB, Deans TL. Enhanced 
regulation of prokaryotic gene expression by a eukaryotic transcriptional 
activator. Nat Commun. 2021;12:4109.

 12. Miller MB, Bassler BL. Quorum sensing in bacteria. Annu Rev Microbiol. 
2001;55:165–99.

 13. Hu LX, Zhao M, Hu WS, Zhou MJ, Huang JB, Huang XL, Gao XL, Luo YN, 
Li C, Liu K, et al. Poly-gamma-Glutamic Acid Production by Engineering 



Page 9 of 10Chang et al. Biotechnology for Sustainable Materials             (2024) 1:6  

a DegU Quorum-Sensing Circuit in Bacillus subtilis. ACS Synth Biol. 
2022;11:4156–70.

 14. Din MO, Danino T, Prindle A, Skalak M, Selimkhanov J, Allen K, Julio E, 
Atolia E, Tsimring LS, Bhatia SN, Hasty J. Synchronized cycles of bacterial 
lysis for in vivo delivery. Nature. 2016;536:81–5.

 15. Qi LS, Larson MH, Gilbert LA, Doudna JA, Weissman JS, Arkin AP, Lim WA. 
Repurposing CRISPR as an RNA-guided platform for sequence-specific 
control of gene expression. Cell. 2013;152:1173–83.

 16. Sung LY, Wu MY, Lin MW, Hsu MN, Truong VA, Shen CC, Tu Y, Hwang KY, Tu 
AP, Chang YH, Hu YC. Combining orthogonal CRISPR and CRISPRi systems 
for genome engineering and metabolic pathway modulation in Escheri-
chia coli. Biotechnol Bioeng. 2019;116:1066–79.

 17. Zhang S, Voigt CA. Engineered dCas9 with reduced toxicity in bac-
teria: implications for genetic circuit design. Nucleic Acids Res. 
2018;46:11115–25.

 18. Byun G, Yang J, Seo SW. CRISPRi-mediated tunable control of gene 
expression level with engineered single-guide RNA in Escherichia coli. 
Nucleic Acids Res. 2023;51:4650–9.

 19. Zalatan JG, Lee ME, Almeida R, Gilbert LA, Whitehead EH, La Russa M, 
Tsai JC, Weissman JS, Dueber JE, Qi LS, Lim WA. Engineering complex 
synthetic transcriptional programs with CRISPR RNA scaffolds. Cell. 
2015;160:339–50.

 20. Dong C, Fontana J, Patel A, Carothers JM, Zalatan JG. Synthetic CRISPR-
Cas gene activators for transcriptional reprogramming in bacteria. Nat 
Commun. 2018;9:2489.

 21. Zhao D, Zhu X, Zhou H, Sun N, Wang T, Bi C, Zhang X. CRISPR-based 
metabolic pathway engineering. Metab Eng. 2021;63:148–59.

 22. Liu G, Lin Q, Jin S, Gao C. The CRISPR-Cas toolbox and gene editing tech-
nologies. Mol Cell. 2022;82:333–47.

 23. Sedlyarova N, Shamovsky I, Bharati BK, Epshtein V, Chen J, Gottesman S, 
Schroeder R, Nudler E. sRNA-mediated control of transcription termina-
tion in E. coli. Cell. 2016;167:111–121 e113.

 24. Chappell J, Takahashi MK, Lucks JB. Creating small transcription activating 
RNAs. Nat Chem Biol. 2015;11:214–20.

 25. Liu B, Samaniego CC, Bennett MR, Franco E, Chappell J. A portable regula-
tory RNA array design enables tunable and complex regulation across 
diverse bacteria. Nat Commun. 2023;14:5268.

 26. Rottinghaus AG, Ferreiro A, Fishbein SRS, Dantas G, Moon TS. Genetically 
stable CRISPR-based kill switches for engineered microbes. Nat Commun. 
2022;13:672.

 27. Ma Y, Budde MW, Mayalu MN, Zhu J, Lu AC, Murray RM, Elowitz MB. 
Synthetic mammalian signaling circuits for robust cell population control. 
Cell. 2022;185(967–979):e912.

 28. Jones TS, Oliveira SMD, Myers CJ, Voigt CA, Densmore D. Genetic circuit 
design automation with Cello 2.0. Nat Protoc. 2022;17:1097–113.

 29. Rugbjerg P, Sarup-Lytzen K, Nagy M, Sommer MOA. Synthetic addiction 
extends the productive life time of engineered Escherichia coli popula-
tions. Proc Natl Acad Sci U S A. 2018;115:2347–52.

 30. Tickman BI, Burbano DA, Chavali VP, Kiattisewee C, Fontana J, Khakimzhan 
A, Noireaux V, Zalatan JG, Carothers JM. Multi-layer CRISPRa/i circuits for 
dynamic genetic programs in cell-free and bacterial systems. Cell Syst. 
2022;13(215–229):e218.

 31. Espah Borujeni A, Cetnar D, Farasat I, Smith A, Lundgren N, Salis HM. 
Precise quantification of translation inhibition by mRNA structures that 
overlap with the ribosomal footprint in N-terminal coding sequences. 
Nucleic Acids Res. 2017;45:5437–48.

 32. Zhang Q, Ma D, Wu F, Standage-Beier K, Chen X, Wu K, Green AA, Wang X. 
Predictable control of RNA lifetime using engineered degradation-tuning 
RNAs. Nat Chem Biol. 2021;17:828–36.

 33. Hong F, Ma D, Wu K, Mina LA, Luiten RC, Liu Y, Yan H, Green AA. Precise 
and programmable detection of mutations using ultraspecific riboregula-
tors. Cell. 2020;180(1018–1032):e1016.

 34. Yang J, Han YH, Im J, Seo SW. Synthetic protein quality control to enhance 
full-length translation in bacteria. Nat Chem Biol. 2021;17:421–7.

 35. Kent R, Dixon N. Systematic evaluation of genetic and environmental fac-
tors affecting performance of translational riboswitches. ACS Synth Biol. 
2019;8:884–901.

 36. Horga LG, Halliwell S, Castiñeiras TS, Wyre C, Matos C, Yovcheva DS, Kent 
R, Morra R, Williams SG, Smith DC, Dixon N. Tuning recombinant protein 
expression to match secretion capacity. Microb Cell Fact. 2018;17:199.

 37. Cox DBT, Gootenberg JS, Abudayyeh OO, Franklin B, Kellner MJ, Joung J, 
Zhang F. RNA editing with CRISPR-Cas13. Science. 2017;358:1019–27.

 38. Ko SC, Woo HM. CRISPR-dCas13a system for programmable small RNAs 
and polycistronic mRNA repression in bacteria. Nucleic Acids Res. 
2024;52:492–506.

 39. Otoupal PB, Cress BF, Doudna JA, Schoeniger JS. CRISPR-RNAa: targeted 
activation of translation using dCas13 fusions to translation initiation 
factors. Nucleic Acids Res. 2022;50:8986–98.

 40. Na D, Yoo SM, Chung H, Park H, Park JH, Lee SY. Metabolic engineering 
of Escherichia coli using synthetic small regulatory RNAs. Nat Biotechnol. 
2013;31:170–4.

 41. Noh M, Yoo SM, Kim WJ, Lee SY. Gene expression knockdown by 
modulating synthetic small RNA expression in Escherichia coli. Cell Syst. 
2017;5(418–426):e414.

 42. Yang D, Yoo SM, Gu C, Ryu JY, Lee JE, Lee SY. Expanded synthetic small 
regulatory RNA expression platforms for rapid and multiplex gene 
expression knockdown. Metab Eng. 2019;54:180–90.

 43. Moon TS. Model-Based Design of Synthetic Antisense RNA for Predictable 
Gene Repression. Methods Mol Biol. 2022;2518:111–24.

 44. Apura P, Saramago M, Peregrina A, Viegas SC, Carvalho SM, Saraiva 
LM, Arraiano CM, Domingues S. Tailor-made sRNAs: a plasmid tool to 
control the expression of target mRNAs in Pseudomonas putida. Plasmid. 
2020;109:102503.

 45. Liu Y, Zhu Y, Li J, Shin HD, Chen RR, Du G, Liu L, Chen J. Modular pathway 
engineering of Bacillus subtilis for improved N-acetylglucosamine produc-
tion. Metab Eng. 2014;23:42–52.

 46. Li S, Sun T, Xu C, Chen L, Zhang W. Development and optimization of 
genetic toolboxes for a fast-growing cyanobacterium Synechococcus 
elongatus UTEX 2973. Metab Eng. 2018;48:163–74.

 47. Cho JS, Yang D, Prabowo CPS, Ghiffary MR, Han T, Choi KR, Moon CW, 
Zhou H, Ryu JY, Kim HU, Lee SY. Targeted and high-throughput gene 
knockdown in diverse bacteria using synthetic sRNAs. Nat Commun. 
2023;14:2359.

 48. Rostain W, Shen S, Cordero T, Rodrigo G, Jaramillo A. Engineering a circu-
lar riboregulator in Escherichia coli. Biodesign Res. 2020;2020:1916789.

 49. Cardiff R, Faulkner I, Beall J, Carothers JM, Zalatan JG. CRISPR-Cas tools for 
simultaneous transcription & translation control in bacteria. bioRxiv. 2023. 
https:// doi. org/ 10. 1101/ 2023. 1110. 1111. 561958.

 50. Kumar S, Karmakar BC, Nagarajan D, Mukhopadhyay AK, Morgan RD, Rao 
DN. N4-cytosine DNA methylation regulates transcription and pathogen-
esis in Helicobacter pylori. Nucleic Acids Res. 2018;46:3429–45.

 51. Maier JAH, Möhrle R, Jeltsch A. Design of synthetic epigenetic circuits 
featuring memory effects and reversible switching based on DNA meth-
ylation. Nat Commun. 2017;8:15336.

 52. Luh LM, Scheib U, Juenemann K, Wortmann L, Brands M, Cromm PM. Prey 
for the proteasome: Targeted protein degradation-A medicinal chemist’s 
perspective. Angew Chem Int Ed Engl. 2020;59:15448–66.

 53. Guiziou S, Sauveplane V, Chang HJ, Clerté C, Declerck N, Jules M, Bonnet J. 
A part toolbox to tune genetic expression in Bacillus subtilis. Nucleic Acids 
Res. 2016;44:7495–508.

 54. Cameron DE, Collins JJ. Tunable protein degradation in bacteria. Nat 
Biotechnol. 2014;32:1276–81.

 55. Durante-Rodríguez G, de Lorenzo V, Nikel PI. A post-translational meta-
bolic switch enables complete decoupling of bacterial growth from 
biopolymer production in engineered Escherichia coli. ACS Synth Biol. 
2018;7:2686–97.

 56. Volke DC, Turlin J, Mol V, Nikel PI. Physical decoupling of XylS/Pm regula-
tory elements and conditional proteolysis enable precise control of gene 
expression in Pseudomonas putida. Microb Biotechnol. 2020;13:222–32.

 57. Wang T, Guan C, Guo J, Liu B, Wu Y, Xie Z, Zhang C, Xing XH. Pooled 
CRISPR interference screening enables genome-scale functional 
genomics study in bacteria with superior performance. Nat Commun. 
2018;9:2475.

 58. Rousset F, Cui L, Siouve E, Becavin C, Depardieu F, Bikard D. Genome-wide 
CRISPR-dCas9 screens in E. coli identify essential genes and phage host 
factors. PLoS Genet. 2018;14:1007749.

 59. Sherkatghanad Z, Abdar M, Charlier J, Makarenkov V. Using traditional 
machine learning and deep learning methods for on- and off-target 
prediction in CRISPR/Cas9: a review. Briefings Bioinf. 2023;24:bbad131.

 60. Wang L, Zhang J. Prediction of sgRNA on-target activity in bacteria by 
deep learning. BMC Bioinformatics. 2019;20:517.

https://doi.org/10.1101/2023.1110.1111.561958


Page 10 of 10Chang et al. Biotechnology for Sustainable Materials             (2024) 1:6 

 61. Ham DT, Browne TS, Banglorewala PN, Wilson TL, Michael RK, Gloor 
GB, Edgell DR. A generalizable Cas9/sgRNA prediction model using 
machine transfer learning with small high-quality datasets. Nat Commun. 
2023;14:5514.

 62. Kim DJ, Kim J, Lee DH, Lee J, Woo HM. DeepTESR: A Deep Learning 
Framework to Predict the Degree of Translational Elongation Short Ramp 
for Gene Expression Control. ACS Synth Biol. 2022;11:1719–26.

 63. Wang Y, Wang H, Wei L, Li S, Liu L, Wang X. Synthetic promoter design in 
Escherichia coli based on a deep generative network. Nucleic Acids Res. 
2020;48:6403–12.

 64. Höllerer S, Papaxanthos L, Gumpinger AC, Fischer K, Beisel C, Borgwardt 
K, Benenson Y, Jeschek M. Large-scale DNA-based phenotypic recording 
and deep learning enable highly accurate sequence-function mapping. 
Nat Commun. 2020;11:3551.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Gene expression modulation tools for bacterial synthetic biology
	Abstract 
	Introduction
	Transcriptional control of gene expression
	Translational control of gene expression
	Other types of gene expression control
	Employing high-throughput screening and artificial intelligence for gene expression modulation

	Conclusions and future perspectives
	Acknowledgements
	References


