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Optogenetic approaches enable light-mediated control of cellular activities using genetically encoded photore-
ceptors. While optogenetic technology is already well established in neuroscience and fundamental research, the
implementation of optogenetic tools in bacteriology is still emerging. Engineered bacteria with the specific
optogenetic system that function at the transcriptional or post-translational level can sense and respond to light,
allowing optogenetic control of bacterial behaviors. In this review, we give a brief overview of available opto-
genetic systems, including their mode of action, classification, and engineering strategies, and focus on opto-

genetic control of bacterial behaviors with the highlight of strategies for use of optogenetic systems.

1. Introduction

Synthetic biology aims to construct new biological systems or
reprogram existing ones for user-defined functions [1,2]. Similar to
natural biological systems, synthetic biological systems can sense and
respond to various environmental signals through engineered bio-
sensing circuits [3], which facilitates the direct manipulation of bio-
logical processes with an external stimulus. Compared with chemical
inducers and other environmental triggers like pH or temperature, op-
tical input has the advantage of fast, easy tunability and high spatio-
temporal resolution [4-6]. Therefore, optogenetic approaches are
extensively adopted in eukaryotes [7-9] for real-time, precise, and non-
invasive control of cellular behaviors. Notably, the development of
optogenetics has revolutionized the field of neuroscience by enabling
the nervous system to be dissected at a single cell level with a resolution
of the order of milliseconds [10].

Since Levskaya and colleagues constructed the first synthetic light
sensor in Escherichia coli by fusing the Synechocystis phytochrome Cphl
to an E. coli EnvZ histidine kinase domain [11], more and more re-
searchers developed optogenetic systems in bacteria or exploited opto-
genetic systems as a powerful tool to modulate bacterial behaviors
[5,12]. In this review, we revisit different optogenetic systems that have
been used in bacteria and summarize the application of these opto-
genetic systems for the control of bacterial behaviors. Here, we give a
glimpse of the advances in optogenetic application in bacteria, hoping to
inspire interested readers to think beyond the horizon and facilitate their
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research (see Tables 1 and 2).
2. Optogenetic systems

A variety of optogenetic systems have been developed for light-
mediated modulation of cellular activities [12] based on photorecep-
tors originating from different organisms, including plants, algae, bac-
teria, fungi, and higher eukaryotes [13]. These natural photoreceptors
typically consist of a photosensory module and an effector domain.
Upon illumination with a specific wavelength, the chromophore bound
in the photosensory module absorbs photons and undergoes a photo-
chemical transformation [14,15]. This causes conformational changes in
the light-sensing domains and these changes are transmitted to the
effector domain [15,16]. As a result, the effector domain initiates bio-
logical responses, such as enzymatic activity or protein interaction [16].

Photoreceptors employed in the design of bacterial optogenetic
systems can be divided into several classes according to their light-
sensing protein domains and the corresponding chromophores. Light-
oxygen-voltage sensing (LOV) domain, a member of the Per—Arnt-Sim
(PAS) protein family, is the most frequently used photosensory module
[17]. LOV domains bind flavin, including flavin mononucleotide (FMN),
flavin adenine dinucleotide (FAD), and riboflavin (RF), as a chromo-
phore and absorb blue light [17]. The blue-light-utilizing flavin (BLUF)
domain-based photoreceptors and cryptochromes also belong to flavo-
proteins and can sense blue light [18-20]. Yet cryptochromes react to
blue light through the FAD chromophore only. Phytochromes and
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Table 1
Summary of photoreceptors and some representative optogenetic systems
characteristics.

Optogenetic System Chromophore  Source Light Reference
Organism Source
On/Off
LOV domain
YtvA FMN/FAD/ Bacillus subtilis Blue/ [23]
RF Dark
VVD FMN/FAD Neurospora [24]
crassa
EL222 FMN Erythrobacter [25]
litoralis
AsLOV2 FMN Avena sativa [26]
RsLOV FMN Rhodobacter [27]1
sphaeroides
BLUF domain
bPAC (BlaC) FAD/FMN Beggiatoa sp. Blue/ [28]
Dark
EB1 FAD Magnetococcus [29]
marinus
BlrP1 FAD/FMN Klebsiella [30]
pneumoniae
Cryptochrome
CRY2-CIB1 FAD Arabidopsis Blue/ [31]
thaliana Dark
Cyanobacteriochrome
UirS/UirR PCB Synechocystis Violet/ [32]
sp. PCC 6803 Green
CcaS/CcaR PCB Synechocystis Green/ [33]
sp. PCC 6803 Red
Phytochrome
PhyB-PIF6 PCB Arabidopsis Red/ [34]
thaliana Far-red
BphS Biliverdin Rhodobacter
sphaeroides,
Synechocystis sp. Red/Far-red [35]
Slr1143

cyanobacteriochromes incorporate bilin chromophores autocatalyti-
cally [21]. Phytochromes, which harbor a photosensory module con-
sisting of PAS, GAF (cGMP phosphodiesterase/adenylate cyclase/FhlA),
and PHY (phytochrome-specific) domains, are sensitive to far-red and
near-infrared (NIR) light [21,22]. Cyanobacteriochromes, the photo-
sensory module of which consists of several GAF domains, bind phyco-
cyanobilin (PCB) only, but sense light in the entire visible spectrum
owing to variations in the protein-bilin interactions [15].

These natural photoreceptors serve as the templates for the engi-
neering of optogenetic systems. Optogenetic systems can be constructed
by rational and random mutagenesis, domain swapping, or combination
with other proteins in a modular manner. Optogenetic systems are
divided into intramolecular and intermolecular systems. In intra-
molecular systems (Fig. 1a), light-mediated regulation of protein ac-
tivity is achieved using the allosteric or steric regulation approach
[6,15]. In intermolecular systems (Fig. 1b), light-mediated protein
interaction, localization, or activity is achieved through photoreceptor
homodimerization, oligomerization, heterodimerization, or dissociation
[15,36].

3. Optogenetic regulation

Optogenetic regulation is commonly implemented at the transcrip-
tional level. In general, these transcriptional regulators operate in either
two-component or one-component systems, in which the optical input
would determine the expression level of downstream target genes. For
instance, YF1/FixJ [23], a blue light-inducible two-component system
(TCS) originating from Bradyrhizobium japonicum, has been frequently
opted in a set of studies [37-40]. The chimeric YtvA-based histidine
kinase YF1 will be activated under dark and then phosphorylate the
cognate response regulator FixJ, the phosphorylated form of which
binds the FixKy promoter and initiates transcription [23]. One
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component system (OCS) that enables intramolecular signal trans-
duction is also used for light-mediated transcriptional regulation.
EL222, which was firstly found in the marine bacterium Erythrobacter
litoralis [25], is one of the most frequently applied OCS. This protein can
function as a transcriptional activator or repressor by forming homo-
dimers and binding DNA when illuminated with blue light [41].
Compared with TCS, one-component system is intrinsically less
burdensome and requires less signaling and reversal time, enabling
faster and more precise control of gene expression [12].

By circumventing transcription, optogenetic systems that operate at
the post-translational level usually enable faster and more direct opto-
genetic regulation [5]. In such systems, protein function can be modu-
lated directly by light. One category of post-translational regulators is
photosensitive enzymes. For example, BphS, a bacteriophytochrome
diguanylate cyclase (DGC) originating from the Rhodobacter sphaeroides
BphG1 protein, exhibits near-infrared (NIR) light-dependent activity,
and is used for optogenetic control of cyclic di-GMP (c-di-GMP) level
[35]. However, dimerization-based photo-switches, such as Magnets,
and PhyB/PIF6 are more widely applied because their dynamic dimer-
ization property enables the control of protein interaction, activity, and
localization [42-45].

4. Optogenetic applications for the control of bacterial
behaviors

The engineering of optogenetic systems allows bacterial behaviors to
be controlled by light. Engineered bacteria with a specific optogenetic
system can sense and respond to the tunable optical input. In this
manner, the output cellular activities of the bacteria, such as meta-
bolism, cell division, cell death, motility, and biofilm formation, can be
dissected precisely and analyzed quantitively.

Light-regulated bacterial metabolism can be achieved by using
optogenetic transcriptional switches to control the expression of the
metabolic gene. Based on EL222, an optogenetic CRISPRi platform was
introduced into E. coli to enable light-mediated switch between the
growth phase and muconic acid production phase [46]. Tandar et al.
used a modified cyanobacterial green light activated TCS CcaS/CcaR for
transcriptional regulation of a metabolic gene pgi to regulate flux dis-
tribution between two different glycolytic pathways in E. coli [47]. New
light-inducible transcriptional regulators derived from chemically
inducible gene expression systems have also been developed for the
dynamic regulation of metabolic pathways. In a recent study by Romano
et al., a set of blue light-inducible AraC dimers in E. coli (BLADE) were
constructed by swapping the dimerization domain of the L-arabinose-
responsive AraC with LOV domain-based photoreceptor VVD and used
for the control of the L-arabinose metabolic pathway [48].

Light-mediated expression systems have been used to control cell
division. Li et al. developed a RsLOV-based one-component system
LexRO to control the expression of the ftsZA gene in E. Coli, achieving
blue-light-activated cell division [49]. In another similar study, the gene
nrdAB encoding ribonucleotide reductase is co-expressed with ftsZA
under the control of EL222-based activation system BLAT or repression
system BLRT to shorten cell division for acetoin production [50].

Light-controlled bacterial cell death is also an area of interest. A
common strategy is to induce cell lysis using a TCS or OCS to express the
lysis gene or the lysis gene cassette from bacteriophage, which can be
combined with optogenetic control of bioproduction for light-mediated
recovery of intracellular bioproducts. This is exemplified in the work
undertaken by Miyake, in which a TCS CcaS/CcaR was introduced in
cyanobacteria to control the expression of the T4 bacteriophage-derived
lysis genes encoding holin and endolysin for green light-triggered bac-
terial lysis and phycocyanin release into the medium for bioproduction
[51]. Another strategy is to use an optogenetic system to control the
activity or function of the protein related to cell death at the post-
translational level. For example, He et al. developed a LiPOP2b system
by fusing the pore-forming domain GSDMD-NT with blue-light-sensitive
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cpLOV2 and used it as a genetically encoded bactericide in E. coli to
eliminate bacteria in a light-dependent manner [52].

Researchers are interested in light-mediated manipulation of bacte-
rial motility. One approach is to use optogenetic transcriptional regu-
lators like EL222, LexRO, and LEVI for the controlled expression of
protein phosphatase CheZ in E. Coli [49,53,54]. An alternative approach
is to modulate the intracellular second messenger level associated with
bacterial motility through the photosensitive enzyme for the conversion
of the corresponding second messenger. Ryu et al. used the red/near-
infrared light-regulated diguanylate cyclase BphS in combination with
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the blue-light-activated cyclic di-GMP (c-di-GMP) phosphodiesterase
EB1 for the bidirectional control of intracellular c-di-GMP level in E. Coli
and verified the efficacy of this dichromatic optogenetic module by E.
coli swimming assay [55].

Optogenetic systems also act as a powerful tool in controlling bac-
terial cell-cell or cell-material interactions. Most applications in this
area are based on dimerization events, where the photoreceptor un-
dergoes light-regulated homodimerization or heterodimerization by
binding to its interacting partner. This is exemplified in the work un-
dertaken by Chen and Wegner in which the LOV-domain-based Magnet

Table 2
Summary of optogenetic systems used for light-mediated control of bacterial behaviors.
Application Bacterial Optogenetic System Mechanism Optogenetic Photoreceptor Type Reference
Host Function Level System
Metabolism E. coli Transcriptional Light-mediated activation of triA gene CcaS/CcaR Cyanobacteriochrome  [64]
expression
E. coli Transcriptional Light-mediated activation of pgi gene CcaS/CcaR Cyanobacteriochrome  [47]
expression
E. coli Transcriptional Light-mediated activation of dCpf1 EL222 LOV domain [46]
gene expression
E. coli Transcriptional Light-mediated activation of araBAD VVD-AraC(BLADE) LOV domain [48]
operon
Cell Division E. coli Transcriptional Light-mediated activation of nrdAB EL222 (BLAT- LOV domain [50]
gene and ftsZA gene expression activation)
E. coli Transcriptional Light-mediated repression of nrdAB EL222 (BLRT- LOV domain [50]
gene and ftsZA gene expression repression)
E. coli Transcriptional Light-mediated activation of ftsZA gene  LexRO (eLightOn) LOV domain [49]
expression
Cell Death cynabacteria Transcriptional Light-mediated activation of lysis CcaS/CcaR Cyanobacteriochrome  [51]
cassette expression
E. coli Transcriptional Light-mediated repression of lys gene YF1/FixJ (pDusk) LOV domain [37]
expression
E. coli Transcriptional Light-mediated activation of SRRz lysis ~ YF1/FixJ (pDawn) LOV domain [38]
cassette expression
E. coli Transcriptional Light-mediated repression of ccdB gene  LEVI (LightOff) LOV domain [54]
expression
E. coli Post-translational Light-mediated activation of toxic LiPOP2b LOV domain [52]
protein
E. coli Post-translational Light-mediated activation of protein LOV543m3-WH1 LOV domain [65]
amyloidogenesis
Motility E. coli Transcriptional Light-mediated activation of cheZ gene LEVI (LightOff) LOV domain [54]
E. coli Transcriptional expression LexRO (eLightOn) LOV domain [49]
E. coli Transcriptional EL222 LOV domain [53]
P. aeruginosa Post-translational Light-mediated activation of enzyme Bpac(BlaC) BLUF domain [61]
for cAMP synthesis
E. coli Post-translational Light-mediated activation of enzyme BphS Phytochrome [55]
for c-di-GMP synthesis
E. coli Post-translational Light-mediated activation of enzyme EB1 BLUF domain [55]
for c-di-GMP hydrolysis
Control of Cell-cell or Cell-  E. coli Transcriptional Light-mediated activation of ag43 gene  CcaS/CcaR Cyanobacteriochrome  [56]
material Interactions expression
E. coli Post-translational Light-mediated heterodimerization Magnets LOV domain [42]
E. coli Post-translational Light-mediated heterodimerization Magnets LOV domain [43]
E. coli Post-translational Light-mediated heterodimerization Magnets LOV domain [44]
E. coli Post-translational Light-mediated heterodimerization PhyB/PIF6 Phytochrome [45]
Biofilm Formation E. coli Transcriptional Light-mediated activation of ag43 gene  YF1/FixJ (pDawn) LOV domain [40]
expression
P. aeruginosa Transcriptional Light-mediated activation of PA2133 YF1/FixJ (pDawn) LOV domain [39]
gene expression
S. meliloti Transcriptional Light-mediated activation of wgaAB EL222 LOV domain [60]
gene expression
E. coli Post-translational Light-mediated activation of enzyme BphS Phytochrome [66]
for c-di-GMP synthesis
P. aeruginosa Post-translational Light-mediated activation of enzyme BlrP1 BLUF domain [30]
for c-di-GMP hydrolysis
P. aeruginosa Post-translational Light-mediated activation of enzyme BphS Phytochrome [30]
for c-di-GMP synthesis
E. coli Post-translational Light-mediated activation of enzyme EB1 BLUF domain [55]
for c-di-GMP hydrolysis
E. coli Post-translational Light-mediated activation of enzyme BphS Phytochrome [55]
for c-di-GMP synthesis
Pathogenicity P. aeruginosa Transcriptional Light-mediated activation of SRNAs, YGS24/GacA LOV domain [62]
rsmY gene andrsmZ gene expression
P. aeruginosa Post-translational Light-mediated activation of enzyme Bpac(BlaC) BLUF domain [61]

for cAMP synthesis
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(b) Intermolecular system
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Protein

Fig. 1. Schematics of optogenetic systems. (a) Intramolecular system based on steric occlusion mechanism. Photo-induced LOV2-Ju dissociation uncages the fused
protein in response to blue light, releasing its activity. (b) Intermolecular system based on photoreceptor dimerization. Blue light induces the dimerization of the

photoreceptor module, resulting in the interaction of the attached proteins.

system was used to control bacterial adhesion on the substrate or
bacteria-bacteria adhesion [42,43]. Another way is to use an opto-
genetic system to control the expression of the protein related to bac-
terial interactions. A good example of this is the study carried out by
Nakajima in which the green light-regulated TCS CcaS/CcaR was
introduced into E. Coli for transcriptional regulation of the gene
encoding antigen 43 (Ag43) to achieve light-activated aggregation-
mediated cell recovery [56].

Optogenetics has also been widely used to control biofilm formation.
Given that biofilm formation and dispersal are tightly controlled by c-di-
GMP-dependent signaling pathways in a large number of species [57], it
is feasible to use an optogenetic system to control c-di-GMP conversion.
Huang et al. constructed a dichromatic system, which consists of the blue
light-activated c-di-GMP phosphodiesterase BlrP1 and the red light-
activated BphS, for the dynamic control of intracellular c-di-GMP level
in P. aeruginosa and used the engineered bacteria to form patterned
biofilms with a high spatial resolution (~10 pm) [30]. As indicated
above, this optogenetic toolkit was not specific to one bacterial species
as it also functioned well in other species including E.coli [58] and
Shewanella oneidensis [59]. In another study, introducing a c-di-GMP
phosphodiesterase gene (PA2133) into the transcriptional regulator
YF1/FixJ-based pDawn system enabled blue light illumination to pro-
mote biofilm dispersal of P. aeruginosa [39]. Adding to the complexity of
optogenetics in biofilm regulation, one recent work employed the bphS-
bphO/eb1 circuitry to successfully modulate biomass of the engineered

TN
.

Transcriptional level

Metabolism

<
(o= =)

Cell Division

Cell death

E. coli strains, which in turn produced a quorum quenching enzyme to
disassociate quorum sensing-dependent biofilm by other bacteria [58].
Apart from the c-di-GMP mediated approach, researchers also used OCS
or TCS to control the expression of specific genes related to biofilm
formation, such as EL222 controlled expression of wgaAB for exopoly-
saccharide (EPS) II synthesis in Sinorhizobium meliloti [60], and pDawn
controlled expression of Ag43 in E. coli [40].

Another emerging area is light-controlled bacterial pathogenicity.
For example, the regulation of the virulence of P. aeruginosa could be
achieved by modulating the cAMP level with photoactivated adenylate
cyclase bPAC [61]. In a more recent study, a blue light-activated YGS24/
GacA system was engineered by swapping the LOV domain of YtvA with
the input sensor domain of the histidine kinase GacS in the original
GacS/GacA system of P. aeruginosa and used to control the expression of
virulence factors in P. aeruginosa via the Gac/Rsm pathway, enabling
light-mediated pathogenicity regulation [62].

Apart from those abovementioned examples, it holds great promise
to use optogenetics in other fundamental research. Specifically, the
light-responsible genetic tools could be employed to conditionally ex-
press or inactivate proteins and analyze their impact on bacterial
behavior or physiology. For example, CoaA, a prophage capsid protein
in P. aeruginosa PAO1, was toxic to this bacterium, and its expression
strongly inhibited bacterial growth [63]. In this case, devising light-
inducible expression of CoaA in this bacterium can facilitate the eluci-
dation of the bactericidal mechanism of this protein (see Fig. 2).

X X )

Post-translational level
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e
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.
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Fig. 2. Optogenetic regulation of bacterial behaviors that operates at the transcriptional level or the post-translational level.
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5. Conclusions and future perspectives

With the development of optogenetics, the optogenetic toolkit based
on natural photoreceptors has vastly expanded, ranging from blue-light-
activated systems to NIR-light-activated systems. These ingenious
optogenetic systems open up new possibilities for controlling targeted
bacterial behaviors with spatiotemporal specificity, tunable dynamics,
and minimal intervention, showing great potential for modulating
bacterial phenotypes. Nevertheless, the applications of optogenetic
systems for the control of bacterial behaviors still have to be fully
explored. Despite the successful implementation of optogenetic systems
in eukaryotic cells at the subcellular level, previous research into
optogenetics in bacteria mainly focused on bacterial behaviors at the
bacterial population level. Efforts should be made to develop the plat-
forms and techniques for the optogenetic control of bacteria at the
single-cell level. Well-established optogenetic tools for real-time
tracking of the behavior of a single bacterium will facilitate and
expand the application of optogenetics in bacteria for future research.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This work was supported by Shenzhen Polytechnic Research Fund
(Grant No. 6020310012 K to Jingjing Wei), National Key Research and
Development Program of China (Grant No. 2020YFA0906900 and Grant
No. 2018YFA0902700 to Fan Jin), and the Scientific Instrument
Developing Project of the Chinese Academy of Sciences (Grant No.
YJKYYQ20200033 to Fan Jin).

References

[1] S.A. Benner, A.M. Sismour, Synthetic biology, Nat. Rev. Genet. 6 (7) (2005)
533-543, https://doi.org/10.1038/nrg1637.

[2] E. Andrianantoandro, S. Basu, D.K. Karig, R. Weiss, Synthetic biology: new
engineering rules for an emerging discipline, Mol. Syst. Biol. 2 (1) (2006), https://
doi.org/10.1038/msb4100073.

[3] A.S. Khalil, J.J. Collins, Synthetic biology: applications come of age, Nat. Rev.
Genet. 11 (5) (2010) 367-379, https://doi.org/10.1038/nrg2775.

[4] C. Brieke, F. Rohrbach, A. Gottschalk, G. Mayer, A. Heckel, Light-Controlled Tools,
Angew. Chem. Int. Ed. 51 (34) (2012) 8446-8476, https://doi.org/10.1002/
anie.201202134.

[5] F. Lindner, A. Diepold, Optogenetics in bacteria — applications and opportunities,
FEMS Microbiol. Rev. 46 (2022) fuab055, https://doi.org/10.1093/femsre/
fuab055.

[6] A.Baumschlager, M. Khammash, Synthetic Biological Approaches for Optogenetics
and Tools for Transcriptional Light-Control in Bacteria, Adv. Biol. 5 (5) (2021)
2000256, https://doi.org/10.1002/adbi.202000256.

[7] N. Ankenbruck, T. Courtney, Y. Naro, A. Deiters, Optochemical Control of
Biological Processes in Cells and Animals, Angew. Chem. Int. Ed. 57 (11) (2018)
2768-2798, https://doi.org/10.1002/anie.201700171.

[8] J.M. Christie, M.D. Zurbriggen, Optogenetics in plants, New Phytol. 229 (6) (2021)
3108-3115, https://doi.org/10.1111/nph.17008.

[9] A.L.A. Pérez, L.C. Piva, J.P.C. Fulber, L.M.P. de Moraes, J.L. De Marco, H.L.

A. Vieira, C.M. Coelho, V.C.B. Reis, F.A.G. Torres, Optogenetic strategies for the
control of gene expression in yeasts, Biotechnol. Adv. 54 (2022) 107839, https://
doi.org/10.1016/j.biotechadv.2021.107839.

[10] L. Fenno, O. Yizhar, K. Deisseroth, The Development and Application of
Optogenetics, Annu. Rev. Neurosci. 34 (1) (2011) 389-412, https://doi.org/
10.1146/annurev-neuro-061010-113817.

[11] A. Levskaya, A.A. Chevalier, J.J. Tabor, Z.B. Simpson, L.A. Lavery, M. Levy, E.
A. Davidson, A. Scouras, A.D. Ellington, E.M. Marcotte, C.A. Voigt, Engineering
Escherichia coli to see light, Nature 438 (7067) (2005) 441-442, https://doi.org/
10.1038/nature04405.

[12] Z.Liu, J. Zhang, J. Jin, Z. Geng, Q. Qi, Q. Liang, Programming Bacteria With Light-
Sensors and Applications in Synthetic Biology, Front. Microbiol. 9 (2018) 2692,
https://doi.org/10.3389/fmicb.2018.02692.

[13] K. Kolar, C. Knobloch, H. Stork, M. Znidari¢, W. Weber, OptoBase: A Web Platform
for Molecular Optogenetics, ACS Synth. Biol. 7 (7) (2018) 1825-1828, https://doi.
org/10.1021/acssynbio.8b00120.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Current Opinion in Solid State & Materials Science 26 (2022) 101023

H. Takala, A. Bjorling, O. Berntsson, H. Lehtivuori, S. Niebling, M. Hoernke,

1. Kosheleva, R. Henning, A. Menzel, J.A. Ihalainen, S. Westenhoff, Signal
amplification and transduction in phytochrome photosensors, Nature 509 (7499)
(2014) 245-248, https://doi.org/10.1038/nature13310.

D.M. Shcherbakova, A.A. Shemetov, A.A. Kaberniuk, V.V. Verkhusha, Natural
Photoreceptors as a Source of Fluorescent Proteins, Biosensors, and Optogenetic
Tools, Annu. Rev. Biochem. 84 (1) (2015) 519-550, https://doi.org/10.1146/
annurev-biochem-060614-034411.

M. Endo, T. Ozawa, Strategies for development of optogenetic systems and their
applications, J. Photochem. Photobiol. C Photochem. Rev. 30 (2017) 10-23,
https://doi.org/10.1016/j.jphotochemrev.2016.10.003.

J.M. Christie, J. Gawthorne, G. Young, N.J. Fraser, A.J. Roe, LOV to BLUF:
Flavoprotein Contributions to the Optogenetic Toolkit, Mol. Plant. 5 (3) (2012)
533-544, https://doi.org/10.1093/mp/sss020.

M. Gomelsky, G. Klug, BLUF: a novel FAD-binding domain involved in sensory
transduction in microorganisms, Trends Biochem. Sci. 27 (10) (2002) 497-500,
https://doi.org/10.1016/50968-0004(02)02181-3.

1. Chaves, R. Pokorny, M. Byrdin, N. Hoang, T. Ritz, K. Brettel, L.-O. Essen, G.T.
J. van der Horst, A. Batschauer, M. Ahmad, The cryptochromes: blue light
photoreceptors in plants and animals, Annu. Rev. Plant Biol. 62 (1) (2011)
335-364, https://doi.org/10.1146/annurev-arplant-042110-103759.

A. Losi, W. Gartner, The evolution of flavin-binding photoreceptors: an ancient
chromophore serving trendy blue-light sensors, Annu. Rev. Plant Biol. 63 (1)
(2012) 49-72, https://doi.org/10.1146/annurev-arplant-042811-105538.

N.C. Rockwell, J.C. Lagarias, A brief history of phytochromes, Chemphyschem Eur,
J. Chem. Phys. Phys. Chem. 11 (6) (2010) 1172-1180, https://doi.org/10.1002/
¢phc.200900894.

P.H. Quail, Phytochrome photosensory signalling networks, Nat. Rev. Mol. Cell
Biol. 3 (2) (2002) 85-93, https://doi.org/10.1038/nrm728.

A. Moglich, R.A. Ayers, K. Moffat, Design and Signaling Mechanism of Light-
Regulated Histidine Kinases, J. Mol. Biol. 385 (5) (2009) 1433-1444, https://doi.
org/10.1016/j.jmb.2008.12.017.

X. Wang, X. Chen, Y.i. Yang, Spatiotemporal control of gene expression by a light-
switchable transgene system, Nat. Methods. 9 (3) (2012) 266-269, https://doi.org/
10.1038/nmeth.1892.

B.D. Zoltowski, L.B. Motta-Mena, K.H. Gardner, Blue Light-Induced Dimerization of
a Bacterial LOV-HTH DNA-Binding Protein, Biochemistry 52 (38) (2013)
6653-6661, https://doi.org/10.1021/bi401040m.

D. Strickland, K. Moffat, T.R. Sosnick, Light-activated DNA binding in a designed
allosteric protein, Proc. Natl. Acad. Sci. 105 (31) (2008) 10709-10714, https://doi.
org/10.1073/pnas.0709610105.

M. Grusch, K. Schelch, R. Riedler, E. Reichhart, C. Differ, W. Berger, A. Inglés-
Prieto, H. Janovjak, Spatio-temporally precise activation of engineered receptor
tyrosine kinases by light, EMBO J. 33 (15) (2014) 1713-1726.

M.-H. Ryu, O.V. Moskvin, J. Siltberg-Liberles, M. Gomelsky, Natural and
Engineered Photoactivated Nucleotidyl Cyclases for Optogenetic Applications *,
J. Biol. Chem. 285 (53) (2010) 41501-41508, https://doi.org/10.1074/jbc.
M110.177600.

L. O’Neal, M.-H. Ryu, M. Gomelsky, G. Alexandre, A.M. Stock, Optogenetic
Manipulation of Cyclic Di-GMP (c-di-GMP) Levels Reveals the Role of c-di-GMP in
Regulating Aerotaxis Receptor Activity in Azospirillum brasilense, J. Bacteriol. 199
(18) (2017), https://doi.org/10.1128/JB.00020-17.

Y. Huang, A. Xia, G. Yang, F. Jin, Bioprinting Living Biofilms through Optogenetic
Manipulation, ACS Synth. Biol. 7 (5) (2018) 1195-1200, https://doi.org/10.1021/
acssynbio.8b00003.

M.J. Kennedy, R.M. Hughes, L.A. Peteya, J.W. Schwartz, M.D. Ehlers, C.L. Tucker,
Rapid blue-light-mediated induction of protein interactions in living cells, Nat.
Methods. 7 (12) (2010) 973-975, https://doi.org/10.1038/nmeth.1524.

P. Ramakrishnan, J.J. Tabor, Repurposing Synechocystis PCC6803 UirS-UirR as a
UV-Violet/Green Photoreversible Transcriptional Regulatory Tool in E. coli, ACS,
Synth. Biol. 5 (7) (2016) 733-740, https://doi.org/10.1021/acssynbio.6b00068.
J.J. Tabor, A. Levskaya, C.A. Voigt, Multichromatic Control of Gene Expression in
Escherichia coli, J. Mol. Biol. 405 (2) (2011) 315-324, https://doi.org/10.1016/j.
jmb.2010.10.038.

A. Levskaya, O.D. Weiner, W.A. Lim, C.A. Voigt, Spatiotemporal control of cell
signalling using a light-switchable protein interaction, Nature 461 (7266) (2009)
997-1001, https://doi.org/10.1038/nature08446.

M.-H. Ryu, M. Gomelsky, Near-infrared Light Responsive Synthetic c-di-GMP
Module for Optogenetic Applications, ACS Synth. Biol. 3 (11) (2014) 802-810,
https://doi.org/10.1021/sb400182x.

M. Shaaya, J. Fauser, A.V. Karginov, Optogenetics: The Art of Illuminating
Complex Signaling Pathways, Physiology. 36 (1) (2021) 52-60, https://doi.org/
10.1152/physiol.00022.2020.

G. Wang, X. Lu, Y. Zhu, W. Zhang, J. Liu, Y. Wu, L. Yu, D. Sun, F. Cheng, A light-
controlled cell lysis system in bacteria, J. Ind. Microbiol. Biotechnol. 45 (2018)
429-432, https://doi.org/10.1007/s10295-018-2034-4.

F. Chang, X. Zhang, Y. Pan, Y. Lu, W. Fang, Z. Fang, Y. Xiao, Light induced
expression of p-glucosidase in Escherichia coli with autolysis of cell, BMC
Biotechnol. 17 (2017) 74, https://doi.org/10.1186/512896-017-0402-1.

L.u. Py, S. Yang, A. Xia, F. Jin, Optogenetics Manipulation Enables Prevention of
Biofilm Formation of Engineered Pseudomonas aeruginosa on Surfaces, ACS Synth.
Biol. 7 (1) (2018) 200-208, https://doi.org/10.1021/acssynbio.7b00273.

X. Jin, LH. Riedel-Kruse, Biofilm Lithography enables high-resolution cell
patterning via optogenetic adhesin expression, Proc. Natl. Acad. Sci. U. S. A. 115
(14) (2018) 3698-3703, https://doi.org/10.1073/pnas.1720676115.


https://doi.org/10.1038/nrg1637
https://doi.org/10.1038/msb4100073
https://doi.org/10.1038/msb4100073
https://doi.org/10.1038/nrg2775
https://doi.org/10.1002/anie.201202134
https://doi.org/10.1002/anie.201202134
https://doi.org/10.1093/femsre/fuab055
https://doi.org/10.1093/femsre/fuab055
https://doi.org/10.1002/adbi.202000256
https://doi.org/10.1002/anie.201700171
https://doi.org/10.1111/nph.17008
https://doi.org/10.1016/j.biotechadv.2021.107839
https://doi.org/10.1016/j.biotechadv.2021.107839
https://doi.org/10.1146/annurev-neuro-061010-113817
https://doi.org/10.1146/annurev-neuro-061010-113817
https://doi.org/10.1038/nature04405
https://doi.org/10.1038/nature04405
https://doi.org/10.3389/fmicb.2018.02692
https://doi.org/10.1021/acssynbio.8b00120
https://doi.org/10.1021/acssynbio.8b00120
https://doi.org/10.1038/nature13310
https://doi.org/10.1146/annurev-biochem-060614-034411
https://doi.org/10.1146/annurev-biochem-060614-034411
https://doi.org/10.1016/j.jphotochemrev.2016.10.003
https://doi.org/10.1093/mp/sss020
https://doi.org/10.1016/S0968-0004(02)02181-3
https://doi.org/10.1146/annurev-arplant-042110-103759
https://doi.org/10.1146/annurev-arplant-042811-105538
https://doi.org/10.1002/cphc.200900894
https://doi.org/10.1002/cphc.200900894
https://doi.org/10.1038/nrm728
https://doi.org/10.1016/j.jmb.2008.12.017
https://doi.org/10.1016/j.jmb.2008.12.017
https://doi.org/10.1038/nmeth.1892
https://doi.org/10.1038/nmeth.1892
https://doi.org/10.1021/bi401040m
https://doi.org/10.1073/pnas.0709610105
https://doi.org/10.1073/pnas.0709610105
http://refhub.elsevier.com/S1359-0286(22)00043-2/h0135
http://refhub.elsevier.com/S1359-0286(22)00043-2/h0135
http://refhub.elsevier.com/S1359-0286(22)00043-2/h0135
https://doi.org/10.1074/jbc.M110.177600
https://doi.org/10.1074/jbc.M110.177600
https://doi.org/10.1128/JB.00020-17
https://doi.org/10.1021/acssynbio.8b00003
https://doi.org/10.1021/acssynbio.8b00003
https://doi.org/10.1038/nmeth.1524
https://doi.org/10.1021/acssynbio.6b00068
https://doi.org/10.1016/j.jmb.2010.10.038
https://doi.org/10.1016/j.jmb.2010.10.038
https://doi.org/10.1038/nature08446
https://doi.org/10.1021/sb400182x
https://doi.org/10.1152/physiol.00022.2020
https://doi.org/10.1152/physiol.00022.2020
https://doi.org/10.1007/s10295-018-2034-4
https://doi.org/10.1186/s12896-017-0402-1
https://doi.org/10.1021/acssynbio.7b00273
https://doi.org/10.1073/pnas.1720676115

J. Wei and F. Jin

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

P. Jayaraman, K. Devarajan, T.K. Chua, H. Zhang, E. Gunawan, C.L. Poh, Blue
light-mediated transcriptional activation and repression of gene expression in
bacteria, Nucleic Acids Res. 44 (14) (2016) 6994-7005, https://doi.org/10.1093/
nar/gkw548.

F. Chen, S.V. Wegner, Blue Light Switchable Bacterial Adhesion as a Key Step
toward the Design of Biofilms, ACS Synth. Biol. 6 (12) (2017) 2170-2174, https://
doi.org/10.1021/acssynbio.7b00197.

F. Chen, S.V. Wegner, Blue-Light-Switchable Bacterial Cell-Cell Adhesions Enable
the Control of Multicellular Bacterial Communities, ACS Synth. Biol. 9 (5) (2020)
1169-1180, https://doi.org/10.1021/acssynbio.0c00054.

F. Chen, R.L. Warnock, J.R. Van der Meer, S.V. Wegner, Bioluminescence-
Triggered Photoswitchable Bacterial Adhesions Enable Higher Sensitivity and
Dual-Readout Bacterial Biosensors for Mercury, ACS Sens. 5 (7) (2020) 2205-2210,
https://doi.org/10.1021/acssensors.0c00855.

0.1. Sentiirk, O. Schauer, F. Chen, V. Sourjik, S.V. Wegner, Red/Far-Red Light
Switchable Cargo Attachment and Release in Bacteria-Driven Microswimmers,
Adv. Healthc. Mater. 9 (1) (2020) 1900956, https://doi.org/10.1002/
adhm.201900956.

P. Wy, Y. Chen, M. Liu, G. Xiao, J. Yuan, Engineering an Optogenetic CRISPRi
Platform for Improved Chemical Production, ACS Synth. Biol. 10 (1) (2021)
125-131, https://doi.org/10.1021/acssynbio.0c00488.

S.T. Tandar, S. Senoo, Y. Toya, H. Shimizu, Optogenetic switch for controlling the
central metabolic flux of Escherichia coli, Metab. Eng. 55 (2019) 68-75, https://
doi.org/10.1016/j.ymben.2019.06.002.

E. Romano, A. Baumschlager, E.B. Akmeric, N. Palanisamy, M. Houmani,

G. Schmidt, M.A. Oztﬁrk, L. Ernst, M. Khammash, B. Di Ventura, Engineering AraC
to make it responsive to light instead of arabinose, Nat. Chem. Biol. 17 (7) (2021)
817-827, https://doi.org/10.1038/s41589-021-00787-6.

X. Li, C. Zhang, X. Xu, J. Miao, J. Yao, R. Liu, Y. Zhao, X. Chen, Y.i. Yang, A single-
component light sensor system allows highly tunable and direct activation of gene
expression in bacterial cells, Nucleic Acids Res. 48 (6) (2020) e33, https://doi.org/
10.1093/nar/gkaa044.

Q. Ding, D. Ma, G.-Q. Liu, Y. Li, L. Guo, C. Gao, G. Hu, C. Ye, J. Liu, L. Liu, X. Chen,
Light-powered Escherichia coli cell division for chemical production, Nat.
Commun. 11 (2020) 2262, https://doi.org/10.1038/s41467-020-16154-3.

K. Miyake, K. Abe, S. Ferri, M. Nakajima, M. Nakamura, W. Yoshida, K. Kojima,
K. Ikebukuro, K. Sode, A green-light inducible lytic system for cyanobacterial cells,
Biotechnol. Biofuels. 7 (2014) 56, https://doi.org/10.1186/1754-6834-7-56.

L. He, Z. Huang, K. Huang, R. Chen, N.T. Nguyen, R. Wang, X. Cai, Z. Huang,

S. Siwko, J.R. Walker, G. Han, Y. Zhou, J.i. Jing, Optogenetic Control of Non-
Apoptotic Cell Death, Adv. Sci. Weinh. Baden-Wurtt. Ger. 8 (13) (2021) 2100424,
https://doi.org/10.1002/advs.202100424.

J. Zhang, Y. Luo, C.L. Poh, Blue Light-Directed Cell Migration, Aggregation, and
Patterning, J. Mol. Biol. 432 (10) (2020) 3137-3148, https://doi.org/10.1016/].
jmb.2020.03.029.

X. Chen, R. Liu, Z. Ma, X. Xu, H. Zhang, J. Xu, Q.i. Ouyang, Y.i. Yang, An
extraordinary stringent and sensitive light-switchable gene expression system for

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

Current Opinion in Solid State & Materials Science 26 (2022) 101023

bacterial cells, Cell Res. 26 (7) (2016) 854-857, https://doi.org/10.1038/
cr.2016.74.

M.-H. Ryu, A. Fomicheva, O.V. Moskvin, M. Gomelsky, [.B. Zhulin, Optogenetic
Module for Dichromatic Control of c-di-GMP Signaling, J. Bacteriol. 199 (18)
(2017), https://doi.org/10.1128/JB.00014-17.

M. Nakajima, K. Abe, S. Ferri, K. Sode, Development of a light-regulated cell-
recovery system for non-photosynthetic bacteria, Microb. Cell Factories. 15 (2016)
31, https://doi.org/10.1186/512934-016-0426-6.

U. Romling, M.Y. Galperin, M. Gomelsky, Cyclic di-GMP: the First 25 Years of a
Universal Bacterial Second Messenger, Microbiol. Mol. Biol. Rev. 77 (1) (2013)
1-52, https://doi.org/10.1128/MMBR.00043-12.

M. Mukherjee, Y. Hu, C.H. Tan, S.A. Rice, B. Cao, Engineering a light-responsive,
quorum quenching biofilm to mitigate biofouling on water purification
membranes, Sci. Adv. 4 (2018) eaaul459, https://doi.org/10.1126/sciadv.
aaul459.

Y. Hu, Y. Wu, M. Mukherjee, B. Cao, A near-infrared light responsive c-di-GMP
module-based AND logic gate in Shewanella oneidensis, Chem. Commun. 53 (10)
(2017) 1646-1648, https://doi.org/10.1039/C6CCO8584A.

A. Pirhanov, C.M. Bridges, R.A. Goodwin, Y.-S. Guo, J. Furrer, L.M. Shor, D.

J. Gage, Y.K. Cho, Optogenetics in Sinorhizobium meliloti Enables Spatial Control
of Exopolysaccharide Production and Biofilm Structure, ACS Synth. Biol. 10 (2)
(2021) 345-356, https://doi.org/10.1021/acssynbio.0c00498.

A. Xia, M. Qian, C. Wang, Y. Huang, Z. Liu, L. Ni, F. Jin, Optogenetic Modification
of Pseudomonas aeruginosa Enables Controllable Twitching Motility and Host
Infection, ACS Synth. Biol. 10 (3) (2021) 531-541, https://doi.org/10.1021/
acssynbio.0c00559.

X. Cheng, L.u. Pu, S. Fu, A. Xia, S. Huang, L. Ni, X. Xing, S. Yang, F. Jin,
Engineering Gac/Rsm Signaling Cascade for Optogenetic Induction of the
Pathogenicity Switch in Pseudomonas aeruginosa, ACS Synth. Biol. 10 (6) (2021)
1520-1530, https://doi.org/10.1021/acssynbio.1c00075.

AK. Schmidt, A.D. Fitzpatrick, C.M. Schwartzkopf, D.R. Faith, L.K. Jennings,

A. Coluccio, D.J. Hunt, L.A. Michaels, A. Hargil, Q. Chen, P.L. Bollyky, D.

W. Dorward, J. Wachter, P.A. Rosa, K.L. Maxwell, P.R. Secor, J.M. Bomberger,

A Filamentous Bacteriophage Protein Inhibits Type IV Pili To Prevent
Superinfection of Pseudomonas aeruginosa, MBio. 13 (1) (2022), https://doi.org/
10.1128/mbio.02441-21.

S. Senoo, S.T. Tandar, S. Kitamura, Y. Toya, H. Shimizu, Light-inducible flux
control of triosephosphate isomerase on glycolysis in Escherichia coli, Biotechnol.
Bioeng. 116 (12) (2019) 3292-3300, https://doi.org/10.1002/bit.27148.

R. Giraldo, Optogenetic Navigation of Routes Leading to Protein Amyloidogenesis
in Bacteria, J. Mol. Biol. 431 (6) (2019) 1186-1202, https://doi.org/10.1016/j.
jmb.2019.01.037.

Y. Hu, X. Liu, A.T.M. Ren, J.-D. Gu, B. Cao, Optogenetic Modulation of a Catalytic
Biofilm for the Biotransformation of Indole into Tryptophan, ChemSusChem 12
(23) (2019) 5142-5148, https://doi.org/10.1002/cssc.201902413.


https://doi.org/10.1093/nar/gkw548
https://doi.org/10.1093/nar/gkw548
https://doi.org/10.1021/acssynbio.7b00197
https://doi.org/10.1021/acssynbio.7b00197
https://doi.org/10.1021/acssynbio.0c00054
https://doi.org/10.1021/acssensors.0c00855
https://doi.org/10.1002/adhm.201900956
https://doi.org/10.1002/adhm.201900956
https://doi.org/10.1021/acssynbio.0c00488
https://doi.org/10.1016/j.ymben.2019.06.002
https://doi.org/10.1016/j.ymben.2019.06.002
https://doi.org/10.1038/s41589-021-00787-6
https://doi.org/10.1093/nar/gkaa044
https://doi.org/10.1093/nar/gkaa044
https://doi.org/10.1038/s41467-020-16154-3
https://doi.org/10.1186/1754-6834-7-56
https://doi.org/10.1002/advs.202100424
https://doi.org/10.1016/j.jmb.2020.03.029
https://doi.org/10.1016/j.jmb.2020.03.029
https://doi.org/10.1038/cr.2016.74
https://doi.org/10.1038/cr.2016.74
https://doi.org/10.1128/JB.00014-17
https://doi.org/10.1186/s12934-016-0426-6
https://doi.org/10.1128/MMBR.00043-12
https://doi.org/10.1126/sciadv.aau1459
https://doi.org/10.1126/sciadv.aau1459
https://doi.org/10.1039/C6CC08584A
https://doi.org/10.1021/acssynbio.0c00498
https://doi.org/10.1021/acssynbio.0c00559
https://doi.org/10.1021/acssynbio.0c00559
https://doi.org/10.1021/acssynbio.1c00075
https://doi.org/10.1128/mbio.02441-21
https://doi.org/10.1128/mbio.02441-21
https://doi.org/10.1002/bit.27148
https://doi.org/10.1016/j.jmb.2019.01.037
https://doi.org/10.1016/j.jmb.2019.01.037
https://doi.org/10.1002/cssc.201902413

	Illuminating bacterial behaviors with optogenetics
	1 Introduction
	2 Optogenetic systems
	3 Optogenetic regulation
	4 Optogenetic applications for the control of bacterial behaviors
	5 Conclusions and future perspectives
	Declaration of Competing Interest
	Acknowledgments
	References


