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Summary 

Plant synthetic biology is a nascent research area and, therefore, the 

development and implementation of engineering methods and synthetic tools 

still lags behind. In particular, optogenetic switches allow a precise quantitative 

regulation of cellular processes, such as gene expression, at high 

spatiotemporal resolution, overcoming limitations of classical chemically-

inducible systems. While being widely applied in animal systems, their 

implementation in plants imposes a challenge.  

In this thesis, some of the challenges of implementing optogenetic tools in 

plants are addressed. Firstly, Arabidopsis protoplasts are proposed as a 

platform to implement and characterize optogenetic tools. The development of 

tools to control gene expression in this cellular system, inducible by green, red 

and blue light, are then described, as well as some concepts for future 

switches. These optogenetic tools are designed as modular components that 

can be used to devise complex multi-chromatic tools to control gene 

expression. Finally, the development of a synthetic light-inducible system for 

the targeted control of gene expression in plants is presented. This system is 

based on red and blue light-controlled photoreceptors, which in combination 

turn gene expression OFF under white light and ON under red light. The 

characterization of this tool, termed Plant Usable Light Switch-Elements 

(PULSE), in plant cells is shown as well as its implementation in leaf tissue, 

enabling the first steps towards its application in stable transformed plant lines.  

This work reflects on the development of these first optogenetic systems for 

plants and stress on the novel perspectives they present for the study of plant 

signalling processes, such as the analysis of complex regulatory systems and 

metabolic pathways, with minimized invasiveness and high spatiotemporal 

resolution. 
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1. Synthetic biology 

1.1. Introduction to synthetic biology  

Synthetic biology (Synbio) is a field that integrates biology and engineering 

concepts like standardization, modularity, abstraction, predictability and 

decoupling design from fabrication (Decoene et al., 2018; Endy, 2005). It aims 

to create biological systems through a systematic design, using a “Design-

Build-Test” cycle (Kelwick et al., 2014). It manages the components of the cell 

as “biological parts” that can be assembled to accomplish a desired function, 

acting as “gene devices or circuits” to perform desired operations.  

The origin of this field can be found in the early 2000s with the programming 

of a toggle switch (Gardner et al., 2000) and a ‘repressilator’ (Elowitz and 

Leibler, 2000) in bacteria. Since the outset of the field, it has expanded to more 

complex systems, compared to early genetic engineering approaches. These 

systems have different functions and are applied to different model organisms. 

Some of these circuits are biosensors (Bayer and Smolke, 2005; Danino et al., 

2015; Win and Smolke, 2007), Boolean logic gates (Bonnet et al., 2013; Guet 

et al., 2002; Kramer et al., 2004), band-pass filters (Muranaka and 

Yokobayashi, 2010; Sohka et al., 2009) and memory devices (Ajo-Franklin et 

al., 2007; Bonnet et al., 2012; Siuti et al., 2013). Among the achievements of 

synthetic biology can be found the production of high-value compounds like 

the antimalaria drug artemisinin in yeast (Paddon et al., 2013; Ro et al., 2006) 

or the development of a cancer-invading bacteria (Anderson et al., 2006).  

The design of these circuits could be arduous and time-consuming. To aid in 

the design, an increasing amount of computer-aided design (CAD) tools have 

been developed (Chandran et al., 2009; Czar et al., 2009; Nielsen et al., 2016). 

For design automation, the principles of standardization and modulation must 

be applied (Matsuoka et al., 2009).  

Logic gate: implements 
a Boolean logic function 
(AND, OR, NOT…) on 
one or more inputs to 
produce a binary output. 

Toggle switch: genetic 
circuit that can be 
switched between two 
stable states of 
expression with a 
transient stimulus. 

Repressilator: circuit 
that implements an 
oscillatory function 
through three genes 
repressing the next one 
in a feedback loop. 

Band-pass filter: device 
that eliminates or 
attenuates frequencies 
outside a certain range. 
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1.2. Synthetic biology in plants (Plant SynBio) 

In the past years, synthetic biology has expanded from microbial hosts to more 

complex organisms, including plants. Plants are interesting from a 

biotechnological point of view as they are primary sources of biomass, they 

produce secondary metabolites and they can be used as recombinant protein 

factories. Plant SynBio is still an emergent field due, in part, to the plant’s 

inherent complexity (large and redundant genomes, complex signalling 

pathways, many organs), longer generation times than other organisms and 

the difficulty of transformation for some species (Cook et al., 2014; Liu and 

Stewart, 2015). These last issues have been partly alleviated by exploring 

transient expression systems like agroinfiltration (Bartlett et al., 2008), 

AGROBEST (Wu et al., 2014), cell protoplast assays (Davey et al., 2005), as 

well as gene engineering using biolistics (Agrawal et al., 2005) and 

transformation of organelles (Clarke and Daniell, 2011; Maliga and Bock, 

2011) or pollen (Zhao et al., 2017). Moreover, the extensive regulatory 

processes required as well as the public concern, in particular for plant crops, 

have been a limitation in the technological development of the field (Smita 

Rastogi, 2013). For that reason, the strategies for transgene removal and 

biological confinement have been thoroughly explored (Daniell, 2002; Sang et 

al., 2013).  

However, over the past years, there has been an interest in the development 

of approaches and tools. They are becoming accessible to the plant 

community, pointing towards the revolution of the Plant SynBio field and the 

opportunities they can offer (Andres et al., 2019; Braguy and Zurbriggen, 

2016). 

While one part of Plant SynBio has a goal-oriented focus, the foundational part 

of SynBio aims on providing tools and resources for the plant community so it 

can be used for basic research and a better understanding of genes and 

pathways (Samodelov and Zurbriggen, 2017). 

Examples of Plant Synbio to serve in biotechnology applications include the 

attempts of plant crop redesign in order to have a self-fertilizing crop by 
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engineering nitrogen symbiosis in barley and wheat (Charpentier et al., 2016; 

Feike et al., 2019), as well as the use of plants as “sentinels” to detect 

molecules like TNT (Antunes et al., 2009, 2011) or bacterial pathogens (Liu et 

al., 2011, 2013b). There are also some examples where Synbio approaches 

have been used for metabolic engineering, like the engineering of C4 

metabolism in crop plants with C3 metabolism (Schuler et al., 2016), biofuel 

production in crops (DePaoli et al., 2014), and for the production of high value 

compounds like dhurrin (Kristensen et al., 2005) and carotenoids (Diretto et 

al., 2007). Long term applications include “smart plants”, which have molecular 

circuity, that enable them to sense and adapt to environmental changes 

(Brophy and Voigt, 2014). 

In the foundational technologies part of Plant Synbio, there has been a big 

interest in developing DNA assembly methods that allow the construction of 

large amounts of DNA while using principles of modularity and standardization 

(Liu et al., 2013a; Patron et al., 2015). Other tools were developed for 

monitoring, such as hormone sensors for abscisic acid (Jones et al., 2014), 

auxins (Wend et al., 2013), strigolactones (Samodelov et al., 2016), and 

cytokinins (Zürcher et al., 2013). There has also been interest in tools for gene 

expression control. For instance, ZFs, TALEs, and CRISPR/Cas technologies 

were shown to be precise tools for genome editing (Bortesi and Fischer, 2015; 

Mahfouz et al., 2014). In addition, synthetic promoters and chimeric 

transcriptional repressors/activators to control gene expression have been 

developed (Dey et al., 2015; Liu and Stewart, 2016). 

1.3. The need for controlling gene expression in plants 

In plant basic research, the classical approach to study gene function is: i) the 

over-expression of a given gene of interest (goi) by rendering it under the 

control of a constitutive promoter, or, ii) the down-regulation by the removal of 

the gene or its transcript known as knock-out or knock-down strategy. These 

approaches are used in order to address its function(s) and its phenotypic 

effect(s) and have been proven efficient. However, they are not always 

applicable depending on the gene, for instance, they could lead to a lethal 

Zinc-finger (ZF): DNA 
binding domains that 
consist of arrays of zinc-
fingers, each of which 
recognizes a triplet of 
nucleotides. They are 
termed zinc-finger 
nucleases (ZFNs) when 
they are fused to the FokI 
endonuclease.  

Transcription 
activation like-effectors 
(TALE): virulence factors 
secreted by 
Xanthomonas when 
infecting plants. It is 
composed by a DNA-
binding domain and an 
activation domain. Their 
DNA-binding domain can 
be custom-designed, 
each residue binds one 
nucleotide. They are 
termed transcription 
activation like-effectors 
nucleases (TALENs) 
when they are fused to 
the FokI endonuclease.  

CRISPR/Cas 
technology:  

The nuclease Cas, 
typically Cas9, is directed 
to the DNA by a guide 
RNA. It triggers DNA 
repair mechanisms 
resulting in insertion, 
mutation or deletion of 
the targeted gene. 
Nuclease defective Cas9 
(dCas9) can be used to 
modulate gene 
expression. 
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phenotype. The genes to be studied are frequently part of a key function in the 

cell and permanently varying their amount can have detrimental effects on the 

plant. Moreover, when studying the dynamics of gene regulatory networks, for 

example to understand the dynamics of the circadian clock having transient 

expression is desirable (Knowles et al., 2008).  

Likewise, for biotechnological purposes, sometimes it is desirable that certain 

genes are expressed on command; for example, to control plant development, 

or in order to produce in a plant a compound of therapeutic interest which is 

otherwise harmful or to use the plant resources at the most optimal time and 

place.  

1.4. Inducing gene expression in plants 

Several approaches have been implemented to control gene expression in 

plants, including using biotic and abiotic stress-inducible, light-responsive, 

hormone-inducible, tissue-specific, and chemical-inducible synthetic 

promoters (Dey et al., 2015). 

Of major relevance are the tissue-specific promoters and chemical inducible 

switches. While tissue-specific promoters offer spatial and developmental 

stage control, they are unable to be switched ON and OFF on command. 

Chemical-inducible systems, on the other hand, provide greater control over 

time and space of the expression of the desired gene of interest.  

Several chemical-inducible systems have been developed and applied in 

plants and have been extensively reviewed (Corrado and Karali, 2009; 

Padidam, 2003; Tang et al., 2004; Zuo and Chua, 2000). There are examples 

of regulatable systems inducible by antibiotics like tetracycline and 

pristinamycin (Frey et al., 2001), by ethanol (Caddick et al., 1998), copper 

(Mett et al., 1993), and systems based on steroids like the estradiol receptor 

(Bruce et al., 2000) and the glucocorticoid receptor (Aoyama and Chua, 1997), 

among others.  

The use of these inducible systems has increased considerably since their first 

implementation, and they are now used in many labs as common tools to 
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regulate the gene expression in a more precise manner. However, the 

quantitative, spatial and temporal control that they offer is limited. While better 

than the use of constitutive or tissue-specific promoters, once activated, they 

cannot be turned off actively since the retrieval of the signal is not possible and 

repeated addition of the compound will be needed for sustained effect. 

Moreover, the spatial resolution is relative, since due to transport processes 

entire areas are normally activated, for example, single leaves or roots but not 

single cells. Another aspect to consider is the unpredictability of the compound 

diffusion upon administration, depending on the complexity of the tissue and 

the substance used. Other limitations, like undesired pleiotropic effects, 

toxicity, or unspecific phenotype linked with the compound concentration as 

well as the economic and environmental costs of using chemicals, cannot be 

disregarded (Moore et al., 2006).  

In summary, these inducible strategies could be very useful for particular 

applications, however, they come with a cost in either quantitative, temporal or 

spatial resolution.  

2. Light-inducible systems 

2.1. Introduction to optogenetics 

Optogenetics is a field that builds upon using light as a stimulus to control 

cellular processes. It was originally developed in the neuroscience field in 2005 

(Boyden et al., 2005; Li et al., 2005; Nagel et al., 2005) from the idea of using 

microbial ion channels regulated by light, termed opsins, first upon introduction 

into animal cells and then into free moving mammals, in order to control the 

neuronal potential. As a result, a very precise new tool to investigate behaviour 

in animals was developed (Deisseroth, 2011; Deisseroth and Hegemann, 

2017). After that, the tool and its principles were transferred to other areas of 

research, like the application of the opsin ChR2 to control beating frequency 

in cardiac cells (Nussinovitch et al., 2014) or to control insulin secretion in beta 

cells (Reinbothe et al., 2014). A slew of additional tools has since been 

developed to control a myriad of cellular processes other than membrane 
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potential, including but not limited to intracellular protein trafficking, protein 

binding and cleavage (Mansouri et al., 2019; Mühlhäuser et al., 2017). 

Light is an optimal inducer, overcoming some of the limitations of the 

chemicals as a trigger. First, it can be delivered with a much higher 

spatiotemporal resolution, to single cells and even at a subcellular level. 

Secondly, it can be applied in a repeatable, fast, and reversible manner 

(without washing steps and without leaving any trace). Normally, the 

optogenetic tools are very sensitive regarding their activation/deactivation 

state, minimizing toxic or other side effects and allowing to be used in a 

quantitative manner, typically reaching high activation rates. Profiting from 

these advantages, optogenetic tools have become increasingly available in the 

last years and prominently applied to mammalian cells, followed by yeast and 

bacteria (Figure 1).  

Figure 1. Cumulative number of the original research publications of optogenetic systems implemented 
in individual types of host cell lines or organisms.  obtained from www.optobase.org/statistics on 
December 2019. 

2.2. Families of photoreceptors: classification and general mode 

of function 

Optogenetic tools are based on the use of proteins that are able to sense and 

respond to light. These proteins, the photoreceptors, contain a chromophore 
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that is responsible for the perception of different light wavelengths. 

Photoreceptors exist in multiple organisms spread among all kingdoms but are 

especially numerous in plants, bacteria, and fungi. The optogenetic switches 

based on these natural or engineered photoreceptors have a different mode 

of function, ultimately depending on the properties of the photoreceptor. They 

are classified according to their responsiveness to different wavelength 

ranges: i) ultraviolet light (Kianianmomeni, 2014), e.g. UVR8; ii) blue light 

(Fujisawa and Masuda, 2018; Herrou and Crosson, 2011), e.g. LOV (Light-

Oxigen-Voltage) and BLUF (Blue Light Using FAD) domains, and 

cryptochromes, (using flavin mononucleotide FMN or flavin adenine 

dinucleotide FAD as chromophore); iii) green light, e.g. cobalamin-binding 

domains like CarH (cobalamin Cbl as cofactor); iv) red and far-red light (Burgie 

and Vierstra, 2014), such as plant phytochromes (Phycocyanobilin PCB or 

Phytochromobilin PΦB as chromophore) and bacteriophytochromes (biliverdin 

BV as chromophore); as well as, v) a range of cyanobacterial photoreceptors 

that absorb in violet, green and red light (using PCB as chromophore) (Anders 

and Essen, 2015). Some of the existing optogenetic switches, based on 

several different photoreceptors and their respective chromophores, are 

depicted in Figure 2, categorized by their light wavelength of activation or 

deactivation. 

Figure 2. Overview of some of the available optogenetic switches (opsins and fluorescent proteins are 

excluded). The photoreceptors and their respective chromophores, are indicated, as well as the light 
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wavelength of activation or deactivation. AsLOV2, LOV2 domain of Avena sativa phototropin 1; AtLOV2, 

LOV2 domain of Arabidopsis thaliana phototropin 1; BLUF, blue light using FAD; PAC, photoactivated 

adenylyl cyclases; CcaS-CcaR; Synechocystis sp. cyanobacteriochrome two component system; CIB1, 
A. thaliana CRYPTOCHROME-INTERACTING BASIC HELIX-LOOP-HELIX 1; COP1, A. thaliana 

CONSTITUTIVELY PHOTOMORPHOGENIC 1; cPAC, cyanobacteriochrome-based photoswitchable 

adenylyl cyclases; Cph1, Synechocystis sp. cyanobacterial phytochrome 1; CRY2, A. thaliana 
CRYPTOCHROME 2; DrBphP, Deinococcus radiodurans bacteriophytochrome; EL222; Erythrobacter 

litoralis transcription factor 222; FHL, A. THALIANA FAR-RED ELONGATED HYPOCOTIL 1-LIKE; 

FHY1, A. thaliana FAR-RED ELONGATED HYPOCOTIL 1; FKF1, A. thaliana FLAVIN BINDING, KELCH 

REPEAT, F-BOX1; GI, A. thaliana GIGANTEA; LOV, light-oxygen-voltage domain; MxCBD, Myxococcus 

xanthus cobalamin binding domain; PhyA, A. thaliana Phytochrome A; PhyB, A. thaliana Phytochrome 

B; PIF3, A. thaliana PHYTOCHROME-INTERACTING FACTOR 3; PIF6, A. thaliana PHYTOCHROME-

INTERACTING FACTOR 6; QPAS1, engineered interaction partner of RpBphP1 containing PAS1 
domain from RsPpsR; RpBphP1, Rhodopseudomonas palustris bacteriophytochrome P1; RpPpsR2, 

Rhodopseudomonas palustris transcriptional repressor; RsBphG, Rhodobacter sphaeroides 

bacteriophytochrome G; TtCBD, Thermus thermophilus cobalamin binding domain; UirR-UirS, 
Synechocystis sp. cyanobacteriochrome two component system; VVD, Vivid; UVR8, A. thaliana UV 

resistance locus 8; YtvA, Bacillus subtilis blue light photoreceptor; PixD-PixE, cyanobacteriochrome two 

component system.  

With the exception of the opsins, the general gating mechanism of these 

photoreceptors can be divided as follows. After light absorption by its 

chromophore they undergo a conformational change that leads to: a) changes 

in the enzymatic activity, like nucleotide cyclases (PAC and RsBphG), or 

kinase activity (CcaS-CcaR, UirS-UirR, Cph8(Cph1)-OmpR, YF1(YtvA)-FixJ) 

(Figure 3a); b) uncaging, like in the case of AsLOV2 and AtLOV2 (Figure 3b); 

c) protein-protein interaction by heterodimerization like PhyB-PIF3/6, GI-FKF1, 

PhyA-FHY1/FHL, or by homodimerization as for Cph1, YtvA, VVD, EL222, 

DrBphP; or several configurations like tetramerization and dissociation 

(MxCBD, TtCBD), oligo- and heterodimerization (CRY), hetero- and 

homodimerization (UVR8, RpBphP1) (Figure 3c) (Liu et al., 2018; Losi et al., 

2018; Mathes, 2016; Tischer and Weiner, 2014; Toettcher et al., 2011a; Zhang 

and Cui, 2014). 
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Figure 3. General mode of function of optogenetic switches. Photoinduced conformational change by 

the photoreceptor or sensory protein leads to: (a) enzyme activation of nucleotide cyclases (left), or 

histidine kinases (HK) that in turn phosphorylates a protein (response regulator, RR) which activates 
transcription (right), (b) uncaging of a fused protein releasing its activity, (c) protein association by 

homodimerization, heterodimerization (left) or oligomerization and dissociation (right). The effector 

protein could be any protein of interest, including often DNA binding domains or transcription activation 
domains and also enzymes or localization/trafficking signal peptides. Yellow shading depicts active 

effector protein. NMP, nucleotide monophosphate; cNMP, Cyclic nucleotide monophosphate. 

Other optogenetic switches comprise fluorescent proteins such as PYP 

(Morgan and Woolley, 2010) and Dronpa (Zhou et al., 2012). A set of opsins 

to control ion channels in different wavelengths have also been developed 

(Deisseroth and Hegemann, 2017; Fenno et al., 2011).  

Drawbacks of using light switches are the limitations in their natural availability 

or the delivery of the necessary chromophore. The blue light switches based 
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on LOV, CRY and BLUF photoreceptors do not require supplementation with 

the chromophore, as FMN and FAD are endogenously present in all 

organisms. Contrarily, when applying cobalamin-using photoreceptors, the Cbl 

must be added to both animals and plants, as the chromophore is not present 

in these hosts. For the switches using PCB or PΦB as cofactors, like plant or 

cyanobacterial phytochromes, supplementation when using these switches in 

yeast or animal cells is required, although not necessary in plants, algae, and 

cyanobacteria, where the chromophore is already present (Porra and Grimme, 

1978; Tanaka and Tanaka, 2007). In the case of other chromophores like 

biliverdin used by the bacteriophytochromes, it does not need to be 

supplemented when applied to eukaryotes as it is already present in plants 

and animals.  

The addition of the chromophore is a limitation for the application of 

optoswitches in vivo in animal models as well. However, some strategies have 

been applied to tackle this limitation such as the engineering of the PCB 

biosynthesis pathway in bacteria and mammalian cells in order to use PhyB-

PIF systems without exogenous chromophore addition (Müller et al., 2013a; 

Uda et al., 2017).  

Chromophore supplementation is something to consider when selecting an 

optoswitch, especially when applied to multicellular organisms, as it could lead 

to the same limitations as chemical-inducible systems in terms of control of 

induction. Additionally, the physical properties of light have to be taken into 

account. Shorter wavelengths, like UV light, have higher energy leading to 

potential phototoxicity, depending on the light-sensitivity of the model being 

used. Longer wavelengths on the other hand, like near-infrared light, have 

better tissue penetration than shorter wavelengths, being particularly relevant 

for in vivo applications.  

2.3. Applications of optogenetic tools 

Optogenetic tools have been used for a broad set of applications. Some 

examples at the protein manipulation level include the control of protein 

degradation and stability (Mills and Truong, 2013; Renicke et al., 2013; 
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Usherenko et al., 2014), modulation of signalling cascades (Moser and Esser-

Kahn, 2017; O’Banion et al., 2018; Toettcher et al., 2011b; Wend et al., 2014), 

and the regulation of intracellular protein localization, including but not limited 

to nuclear import and export (Beyer et al., 2015; Niopek et al., 2014, 2016), 

and protein recruitment to control cytoskeleton reorganization, cell motility and 

shape, and organelle positioning (Adrian et al., 2017; van Bergeijk et al., 2015; 

Shi et al., 2018).  

At the gene expression level, a wide set of light-responsive tools allow gene 

expression control (endogenous gene or transgene expression),  epigenetic 

modifications, and genome editing (Hughes, 2018; de Mena et al., 2018; Müller 

et al., 2015). Some examples applied to different hosts and using different 

activation wavelengths are listed in Table 1. These tools comprise chimeric 

transcription factors in which one light-dependent interactor is fused to a 

protein that binds DNA and the other interactor is fused to an effector protein 

that can be a transactivation domain (AD), a repressor domain (RD), or 

epigenetic modifiers. For the DNA-binding specificity, a DNA-binding domain 

(DBD) and an engineered synthetic promoter with the cognate sequence of 

the DBD can be used (Figure 4a). Alternatively, by using ZF or TALE domains, 

it becomes possible the control transcription of endogenous genes as it can 

be customized to bind a DNA sequence of interest (Figure 4a). This strategy 

can also be achieved by using nuclease-deficient Cas9 (dCas9). The two 

interactor modules react upon illumination, which triggers protein-protein 

association or dissociation, allowing repression/activation of the gene of 

interest (Figure 4a).  

Additionally, light-inducible gene editing can be achieved by using split Cas9, 

where the protein is divided into two non-functional parts fused to light-

dependent interactors. Illumination reconstitutes the nuclease activity, allowing 

targeted DNA cleavage and resulting in deletion, insertion or mutation of the 

gene of interest (Figure 4b). Similarly, some strategies use split recombinases 

fused to light-dependent interactors, that are only active when the 

recombinase is reconstituted upon illumination, then being able to recognize 

the specific target sites and cut out a part of the synthetic DNA (Figure 4c).
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Figure 4. Strategies to control gene expression with light. (a) Chimeric transcription factors, where one 

of the light-dependent interactors is fused to an effector domain that can be an activator (AD), repressor 

(RD) or epigenetic modifier. The other light-dependent interactor is fused to either a DNA-binding domain 
(DBD) that targets a specific motif, or Zinc-fingers (ZF), Transcription activation like-effectors (TALE), 

and nuclease-deficient Cas9 and gRNA complex (dCas9-gRNA) that can be designed to target and bind 

a DNA sequence of interest. (b) Split Cas9 that is reconstituted upon association of the light-dependent 
interactors, restoring the nuclease activity. (c) Split recombinase that is reconstituted upon association 

of the light-dependent interactors, restoring the recombinase activity. 

3. Applying optogenetic tools in plants 

3.1. Plant chassis for optogenetics 

Several plant experimental platforms are currently in use for plant synthetic 

biology (Boehm et al., 2017) and can be considered for the implementation 

and characterization of optogenetic tools.  

3.1.1. Plant protoplasts 

Plant protoplasts can be obtained from different tissues, keeping their tissue 

identity while offering a cell-based experimental setup. There are protocols 
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established for different species (Davey et al., 2005), including Nicotiana 

tabacum and Arabidopsis thaliana. They offer a set of advantages: the 

isolation and transient transformation is well-established, robust and fast, they 

have a high capacity of DNA co-transformation (co-transformation of several 

plasmids with varying DNA ratios is possible), testing of many different 

conditions is possible, the lack of cell wall facilitates the uptake of chemicals, 

and reporter genes such as luciferases can be measured directly and simply 

by applying the appropriate substrate. Although the expression of proteins can 

be monitored for hours, allowing kinetics experiments, this is limited to 

transient expression and the cells cannot be kept for long periods. They can 

be kept up to one week but it can be challenging to maintain their quality 

(Hansen and van Ooijen, 2016). 

Protoplasts have been used to investigate signalling pathways (Sheen, 2001; 

Wang et al., 2005) as well as to test genetic parts and devices aided by 

mathematical modelling to normalize the variability observed in the data and 

predict their behaviour (Müller et al., 2014b; Schaumberg et al., 2016).  

3.1.2. Leaf transient expression in Nicotiana  

Nicotiana benthamiana is becoming a platform of interest for the community, 

especially in the context of the transient transformation of their leaves. The 

transformation is mediated by Agrobacterium infiltration and is a well-

established method, which allows the delivery of several genes, and therefore 

for a high capacity of screening DNA parts/devices, in a time-saving manner 

(Sainsbury and Lomonossoff, 2014). There are several efforts towards the 

refinement of the experimental conditions to make it more robust (Vazquez-

Vilar et al., 2017). Additionally, a library of vectors for the Agrobacterium-

mediated delivery of characterized DNA parts and devices has been generated 

(www.gbcloning.upv.es), including tools for the use of CRISPR/Cas 

technologies (Selma et al., 2019; Vilar et al., 2016). 

Nicotiana is also a chassis with growing relevance in the recombinant protein 

production field. It has been used for the production of artemisinin precursors 

(van Herpen et al., 2010; Ikram and Simonsen, 2017), triterpenes (Thimmappa 
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et al., 2014) and vaccines (Boes et al., 2016; D’Aoust et al., 2008; Mardanova 

et al., 2017), among others.  

3.1.3. Bryophytes 

Other plant chassis that is becoming more popular within plant synthetic 

biology are the liverwort Merchantia polymorpha (Delmans et al., 2017; 

Ishizaki et al., 2008) and the moss Physcomitrella patens (Reski et al., 2018). 

Their culture is easy to handle and versatile, as they can be cultivated in 

suspension, on plates or in soil. They possess less genome redundancy in 

comparison to higher plants while preserving conserved pathways/regulatory 

mechanisms which could be interesting for basic research. They have short 

life cycles (typically 2-3 months to complete the whole life cycle), which is 

relevant for stable transformants generation. Moreover, there are well-

established gene transformation methods for both models and they are easy 

to engineer, not to mention the recently developed tools based on the 

CRISPR/Cas9 technology (Mallett et al., 2019; Sugano et al., 2018). 

Additionally, the moss P. patens raises biotechnological interest as it is used 

in recombinant protein production (Liénard and Nogué, 2009; Reski et al., 

2015). 

3.1.4. Arabidopsis 

A. thaliana has been widely used for plant biology research to study. There is 

an extensive array of developed methods, genetic resources, and libraries of 

gene knock-outs and transgenic lines. Also, this plant model has profited from 

the synthetic approaches to create novel functionalities by engineering novel 

genetic, signalling and metabolic pathways (Provart et al., 2016). 

Representative examples are a re-engineered ABA receptor that responds to 

an agrochemical in order to improve the stress tolerance of the plant (Park et 

al., 2015) or Arabidopsis used as a plant “sentinel” for TNT detection (Antunes 

et al., 2011).  



Introduction 

 

 
23 

3.2. Limitations, challenges, and perspectives 

To date, only a few optogenetic switches have been applied in plant systems 

(see Figure 1 and Table 1). The first one implemented is a red light-inducible 

switch to control gene expression in plant mesophyll protoplasts, relying on a 

split transcription factor composed by phytochrome B (PhyB) and one of the 

phytochrome interacting factors (PIF6) (Müller et al., 2014b). However, the 

application of such a tool, based on the red/far-red light-responsive PhyB-PIF6 

optoswitch, is currently limited to transiently transformed plant cells, where the 

illumination conditions can be controlled and accidental activation by white 

light can be avoided. Another example is the control of the stomata opening 

using a blue light-inducible K+ channel (BLINK1) in Arabidopsis that allows 

having a faster opening and closing of the stomata, improving the water usage 

of the plant (Papanatsiou et al., 2019). This is an example of the application of 

an optogenetic tool in planta, where daylight- or photosynthesis-dependent 

activation is desired. However, it also illustrates the limitations in applicability, 

where the normal light cycle my interfere with the optogenetic tool, depending 

on the cellular process of interest. Nonetheless, these pioneering approaches 

illustrate the potential that optogenetics applications in plants could offer, 

opening up novel and varied possibilities for this research area.  

There are limitations when applying these tools to phototrophic organisms that 

rely on light and are able to perceive it with their intrinsic photoreceptors. The 

application of general optogenetic switches in planta is limited by the fact that 

there will be activation of the switch under standard plant growth light 

conditions. Additionally, accomplishing orthogonality in plant systems will be 

hard to achieve as, highlighted in the above examples, several of these 

optoswitches are based on plant photoreceptors.  

A partial solution would be the use of photoreceptors from other organisms 

that are orthogonal to the chassis plant and/or photoreceptors that respond to 

light in a region of the spectrum that minimizes pleiotropic effects in the plant, 

avoiding unwanted effects. Other approaches to solve these limitations could 

include the combination with chemical systems. The latter can be used to 
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control the expression of the optogenetic tools, similarly to the work performed 

by Chen and colleagues in mammalian systems (Chen et al., 2015). An 

alternative approach could be the combination of different photoreceptors to 

accomplish a system that will be only active upon illumination with a certain 

wavelength of interest, but not under white or ambient light.  

These tools, once optimized for use in whole plants, will be the next 

breakthrough for plant research. They will constitute an enabling technology 

to control and, therefore, investigate different cellular and developmental 

processes, becoming an essential aspect for basic plant research. 

Furthermore, it will provide a unique opportunity to control traits for generating 

“smart plants”. This thesis will present some of the efforts towards the 

development of mono- and multichromatic control of gene expression tools in 

plants and show the first steps towards their application in planta.  
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II. Aims 
 

This work addresses the challenge of applying optogenetic tools in plant 

biology research. The specific aims of this thesis are defined as:  

• Plant protoplasts as a standard platform for the characterization of 

optogenetic tools: To establish, optimize, and standardize a method 

that allows a fast and easy screening and characterization of 

optogenetic tools.  

• Optogenetics toolbox for plant cells: Expanding the current optogenetic 

switches toolbox available to mainly regulate gene expression in plant 

cell systems.  

• Optogenetics to regulate gene expression in planta: Developing an 

optogenetic system for in planta use that is inactive in white ambient 

light and only active upon illumination with a single wavelength for on 

command regulation.  

 



 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

III. Results and discussion 
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4. Chapter 1: Protoplasts as a platform to screen 
optogenetic tools 

Ochoa-Fernandez, R., Samodelov, S.L., Brandl, S.M., Wehinger, E., Müller, 

K., Weber, W., and Zurbriggen, M.D. (2016). Optogenetics: Methods and 

Protocols. A. Kianianmomeni, ed. (New York, NY: Springer New York), pp. 

125–139. (Appendix A) 
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In order to prototype optogenetic tools in plants, a platform based on 

transiently transformed plant cells from Arabidopsis thaliana was established. 

This is a suitable platform because the protoplast isolation and transformation 

are well established, yielding fast and reproducible results. Additionally, the 

high transformation efficiency allows for combinatorial DNA transformations. 

The setup allows having multiple transformations that can be subjected to 

different illumination treatments and kinetics set-up (dose-time response 

experiments). It also allows easy quantification of reporter genes, like 

luciferases, without cell disruption techniques being needed. 

Figure 5 depicts a summarized workflow for the isolation and transformation 

of protoplasts of A. thaliana and the setup for a standard light-inducible gene 

expression experiment. 

To validate this method in a typical optogenetic setup, the red light-

inducible/far-red light-reversible system, already established in mammalian 

and tobacco cells (Müller et al., 2014b), was transformed in leaf protoplasts of 

A. thaliana (Figure 6). This switch functions as a chimeric transcription factor, 

based on a truncated version of phytochrome B – PhyB(1-650) – fused to the 

herpes simplex virus VP16 transactivation domain, and a truncated version of 

a phytochrome-interacting factor  – PIF6(1-100) – fused to the macrolide 

repressor DNA-binding protein (E). A nuclear localization sequence (NLS) was 

included in both components in order to ensure localization in the nucleus. 

Both components are under the control of the cauliflower mosaic virus 

(PCaMV35S). The E protein binds a sequence (etr) that is placed upstream of the 

minimal human cytomegalovirus promoter (PhCMVmin), driving the expression of 

a gene of interest, here Firefly Luciferase (FLuc) which allows fast and easy 

quantification (Figure 6a). Upon exposure to red light, PhyB changes its 

conformation by photoisomerization of the covalently bound chromophore, 

phytochromobilin (PФB). The activated form of PhyB (PhyBfr) binds to PIF6 

and the VP16 domain is then recruited to the etr motif in close proximity to the 

minimal promoter, activating transcription of the reporter gene. The PhyB-PIF6 

association is readily reversed upon exposure to far-red light or darkness, 
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when PhyB changes its conformation to the inactive form (PhyBr), resulting in 

the termination of reporter gene expression (Figure 6a).  

 

Figure 5. Workflow of Arabidopsis protoplasts isolation, transformation, and experimental setup. (1) The 

leaves of ∼2 week old plantlets are cut and incubated overnight with macerozyme and cellulase in MMC 

medium. (2) The protoplasts are released by pipetting and filtered by a 70 μm strainer to remove the 
debris. The suspension is then centrifuged. (3) Resuspension of the pellet in MSC medium and careful 

addition of MMM medium generates an interphase after centrifugation. (4) The interphase is collected 

after each of three consecutive rounds of centrifugation and placed in W5 medium. (5) The concentration 
of the protoplast suspension is determined using a counting chamber. (6) The preparations of DNA to a 

final amount of 30 μg are pipetted in each well of a 6-well plate, in a final volume of 20 μl. If several 

plasmids are co-transformed the final DNA amount is kept constant, adjusting the amount of each 
plasmid and a stuffer plasmid when necessary. (7) The protoplast suspension is centrifuged and 

resuspended in MMM medium to a total of 5000 protoplasts/μl. Then, 100 μl of protoplast suspension is 

added into the DNA and incubated for 5 min. (8) 120 μl of PEG solution is added in a dropwise manner. 
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(9) 120 μl of MMM medium followed by 1240 μl of PCA medium is added. (10) The protoplasts are 

divided in 24-well plates that will be placed under the different LED arrays for each treatment. (11) 

Samples are taken at the desired time point(s). 80 μl/replicate are transferred into a white flat bottom 96 
well-plate and 20 μl of luciferase substrate are added prior to quantification of luminescence in a plate 

reader.  

 

Figure 6. Design, time- and dose-response curves of the red light-inducible gene expression system in 
protoplasts of A. thaliana. (a) Configuration of the vectors and mode of function. The components of the 

system are: i) the first 100 amino acids of phytochrome-interacting factor - PIF6(1-100) - fused to the 

macrolide repressor DNA-binding protein E and a nuclear localization sequence (NLS), ii) the first 650 
amino acids of the phytochrome B - PhyB(1-650) - fused to the herpes simplex VP16 transactivation domain 

and an NLS, iii) multiple repetitions of an etr motif, cognate binding site of the E protein, placed upstream 

of a CMV minimal promoter followed by the reporter gene firefly luciferase (FLuc). Upon exposure to red 
light, PhyB changes its conformation to its active form (PhyBfr) that promotes the interaction with PIF6 

and therefore recruitment of the transactivator VP16 domain to the minimal promoter. FLuc is expressed 

as a consequence. Upon far-red light (λmax 760 nm) exposure or darkness incubation, PhyB is converted 

back to its inactive form (PhyBr), PhyB-PIF6 dissociates, thus ceasing the transcription of the reporter 
gene. (b,c) Protoplasts from A. thaliana were transformed for red light-inducible FLuc expression 

(pMZ827, pMZ828, and pROF100). After transformation, 3.5 ml aliquots of protoplast suspensions 



 

 34 

containing approximately 1.09 × 106 protoplasts, were illuminated either at different intensities of red light 

( λmax 660 nm; 0.5, 1, 2, 4, 8, and 16 μmol m-2 s-1), far-red light ( λmax 760 nm; 17 μmol m-2 s-1), or were 

kept in the dark as a control. (b) Samples were taken at the indicated points in time (0, 6, 12, 18, and 24 
h after transformation) and FLuc expression was determined. The graph shows the reporter 

luminescence values at different time points and light intensities. (c) Reporter luminescence values after 

18 h expression at the indicated light intensities. (b,c) Data are means ± SEM of technical replicates (n 
= 6). RLU = Relative Luminescence Units. Adapted from Ochoa-Fernandez et al. (Ochoa-Fernandez et 

al., 2016). 

Time-course and dose-response curves for the red light-inducible gene 

expression system in A. thaliana leaf protoplasts are exemplified in Figure 

6b,c. Protoplasts were isolated from A. thaliana plantlets and 10 μg of each 

plasmid (pMZ827, pMZ828 and pROF100) were used for the transformation. 

Several transformations were made in parallel (22 transformations) and pooled 

together afterwards. Aliquots of 3.5 ml of the protoplasts suspension were 

transferred into one well of seven different 6-well plates (one plate for each 

illumination condition). The luminescence determinations were made for each 

condition at different points in time (0, 6, 12, 18, and 24 h). As a dark control, 

1 ml of protoplast suspension was transferred into one well of four different 24-

well plates. In this way, a single plate per time point was used and accidental 

exposure of the plate to ambient light avoided. The results of the kinetics and 

expression levels of the red light-inducible system in A. thaliana protoplasts 

(depicted in Figure 6b) indicate the optimal illumination conditions for 

maximum expression rates are between 1 and 4 μmol m - 2 s-1. The highest 

expression levels are achieved at 24 h but a better dynamic range (399- and 

395-fold induction) is obtained at 18 h of gene expression for 2-4 μmol m-2 s-1 

red light intensities (Figure 6c).  

These results are also highlighting the fact that protoplasts are sensitive to 

small light intensity changes, which is useful for dose-response experiments. 

It provides an easy set-up for time-course experiments, quantitative results, 

and a robust system for multiple plasmids transformations and test conditions. 

For all these reasons, this platform can be useful to re-design, build and test 

the switches, therefore fueling the “Design-Build-Test” of synthetic biology. 

The method here described is fundamental to the rest of the work presented 

in this thesis.
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5. Chapter 2: Expanding the toolbox of optogenetics 
in Plant Synbio 

Chatelle, C., Ochoa-Fernandez, R., Engesser, R., Schneider, N., Beyer, H.M., 

Jones, A.R., Timmer, J., Zurbriggen, M.D., and Weber, W. (2018). A Green-

Light-Responsive System for the Control of Transgene Expression in 

Mammalian and Plant Cells. ACS Synth. Biol. 7, 1349–1358. (Appendix A) 

Ochoa-Fernandez, R., Schuler-Bermann, M., Zurbriggen, M.D. Expanding the 

toolbox of optogenetic switches for red and blue light control of gene 

expression in plant cells. Manuscript in preparation. (Appendix A) 

Ochoa-Fernandez, R., Abel, N.B., Wieland, F.G., Schlegel, J., Koch, L.A., 

Miller, J.B., Engesser, Giuriani, G., R., Brandl, S.M., Plum, J. Timmer, J., 

Weber ,W., Ott, T., Simon, R., and Zurbriggen, M.D. PULSE – Optogenetic 

control of gene expression in plants in the presence of ambient white light. 

Manuscript submitted. (Appendix A)
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5.1. Green light-inducible system to control gene expression 

Green light-inducible systems are of interest for application in plants due to the 

lesser effect of green light on endogenous plant photoreceptors and to the fact 

that green light available photoreceptors are orthogonal to Arabidopsis. A 

green light-inducible system that is ON in the dark and is turned off when 

illuminated with green light was intended for implementation in plant cells. After 

its implementation and characterization in mammalian cells, the suitability for 

controlling gene expression in plant cells was evaluated. A new set of plasmids 

for its application in plant cells was re-engineered and co-transformed in the 

A. thaliana plant protoplasts.  

The plasmids comprised the transcription factor CarH from Thermus 

thermophilus fused to a VP16 domain and a synthetic promoter containing, the 

operator region where CarH binds - CarO - followed by a minimal promoter 

controlling the expression of the reporter gene FLuc. In darkness, CarH linked 

to the coenzyme cobalamin forms tetramers that bind the DNA operator CarO, 

therefore activating expression of FLuc. Upon illumination with UV, green, or 

blue light, these tetramers dissociate and release from the DNA, due to 

photolysis of the Cobalamin-C bond (Jost et al., 2015), therefore halting FLuc 

expression (Figure 7a). 

Isolated protoplasts from A. thaliana were co-transformed with the reporter 

module carrying either two, four or eight repeats of the operator CarO – 

(CarO)2, (CarO)4, (CarO)8 – with either CarH-VP16 or with a stuffer plasmid. 

After transformation, AdoCbl was added to a final concentration of 20 μM and 

cells were incubated for 24 h either in darkness or illuminated with green light 

(λmax 525 nm light, 5 μmol m−2 s−1). The overall expression of the switch was 

low to moderate in terms of total FLuc expression in darkness, but increasing 

amounts of CarO repeats in the reporter plasmid yielded increasing amounts 

of FLuc expression and a higher dynamic range. A maximum of 15.7-fold 

induction, comparing illuminated protoplasts to those kept in the dark, was 

achieved when co-transforming CarH-VP16 with the reporter module 

containing (CarO)8 (Figure 7b).  
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Figure 7. Design of the green-light-responsive gene expression system and characterization in A. 

thaliana protoplasts. (a) Molecular components and mode of function of the expression system. The 
components engineered and characterized in plant cells are: i) the green light-responsive photoreceptor 

CarH fused to an activation domain VP16 and placed under the control of the constitutive promoter 

PCaMV35S, and ii) a promoter composed of multimeric CarO sequences upstream of a minimal promoter 
PhCMV, driving the expression of the reporter gene Firefly Luciferase (FLuc). The light sensitivity of the 

system is conferred by the chromophore adenosylcobalamin (AdoCbl). In the dark, CarH-VP16 bound to 

AdoCbl forms tetramers that bind CarO starting the transcription of FLuc. Exposure to green light leads 
to photolysis of AdoCbl, triggering destabilization of CarH tetramers and the release of CarO, therefore 

halting FLuc expression. (b) Reporter plasmids with increasing numbers of CarO repeats - (CarO)2, 

pROF250; (CarO)4, pROF251; (CarO)8, pROF252 - were transformed in a 3:1 molar ratio to the CarH-

VP16 expression plasmid (pROF254) in protoplasts of A. thaliana. After transformation, protoplasts were 
supplemented with AdoCbl to a final concentration of 20 μM. After incubation for 24 h in the dark or under 



Results and discussion – Chapter 2 

 

 
39 

green light (λmax = 525 nm, 5 μmol m−2 s−1), luciferase activity was determined. Data are means and error 

bars indicate standard error of the mean (SEM), n = 4 - 6. RLU = relative luminescence units. Figure 

adapted from Chatelle et al. (Chatelle et al., 2018). 

Green light has been considered for long to have a minimal effect in 

endogenous Arabidopsis photoreceptors and plant development. However, 

recently it has been shown that green light has indeed some effects in the 

circadian rhythm as well (Battle and Jones, 2019). Additionally, the use of the 

cofactor cobalamin is a limitation that must be considered, especially for its 

application in plant tissue, due to the fact that little is known about its uptake 

and processing/metabolism in plants. It could also be of particular interest to 

compare different forms of cobalamin; the active forms adenosylcobalamin 

(AdoCbl) and methylcobalamin (MetCbl), and the inactive form 

cyanocobalamin (CnCbl). Moreover, the apoprotein, namely CarH without the 

cofactor, still binds to DNA but does not respond to light (data not shown), 

presenting a possible major limitation as well. However, this system could be 

re-engineered for use as a Green ON system by fusing a repressor domain to 

CarH and engineering an operable otherwise constitutive promoter. In this 

scenario, the addition of cofactor to turn ON the system would prime the 

system shortly before use, providing an additional level of control (AND gate), 

where both application of the chromophore and illumination with green light 

would be needed to obtain gene expression. 

 

5.2. Blue light-inducible switches  

5.2.1. Blue light-controlled system to activate and repress gene transcription 

To date, there are no blue light-regulated switches developed for plant 

synthetic biology. Therefore, blue light switches to either induce (BOn) or 

repress (BOff) expression of a gene of interest were egineered and tested.  

An initial pre-screening of different blue light-regulated switches to activate 

transcription using TULIP, based on LOV2 domain of Avena sativa phototropin 

1, AsLOV2, fused to a peptide sequence which interacts with the protein ePDZ 

(Müller et al., 2014a; Strickland et al., 2012), and VVD, based on LOV domain 
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from Neurospora crassa, (Wang et al., 2012) yielded very low expression 

levels and dynamic ranges (data not shown). In both cases, the photoreceptors 

were fused to the Gal4 DNA binding domain (Gal4BD) and its cognate 

sequence UAS was used in a synthetic promoter. Replacing the Gal4BD-UAS 

by E-etr or other pair of DBD and cognate sequence could yield higher 

induction fold. However, for TULIP, the E protein and a synthetic promoter 

containing etr did not yield a higher induction rate (data not shown). It could be 

worth trying to optimize further these systems or test other switches that 

employ the LOV2 domain from Arabidopsis thaliana phototropin 1, AtLOV2 

(Renicke et al., 2013), or the iLID system composed by AsLOV2-ssrA which 

interacts with ssrB (Guntas et al., 2015).  

Nevertheless, the EL222 optogenetic switch yielded a very high dynamic range 

in protoplasts of Arabidopsis thaliana, therefore, this photoreceptor was 

selected for further characterization. EL222 is a transcription factor from 

Erythrobacter litoralis that is composed of a LOV domain and a helix-turn-helix 

(HTH) domain connected by a J-alpha (Jα) helix. The LOV domain uses FMN 

as a cofactor, which is ubiquitous in eukaryotes. Upon blue light application 

(with maximum absorption around 450 nm), the LOV domain undergoes a 

conformational change, thereby releasing the HTH and allowing the 

homodimerization of EL222. This allows for the HTH domain to bind a target 

DNA sequence (termed C120) (Zoltowski et al., 2013).  

Following the strategy of Motta-Mena et al. (Motta-Mena et al., 2014), a fusion 

of the DNA transactivation domain VP16 to the N-term of EL222 was used for 

the characterization of the BOn switch in Arabidopsis protoplasts. As a reporter 

module, FLuc was placed under the control of a minimal promoter (PhCMVmin) 

and five repeats of the DNA target of EL222 – (C120)5. The number of repeats 

was chosen due to the previously reported good performance in mammalian 

cells (Motta-Mena et al., 2014). In the dark, basal levels of FLuc expression 

are expected, while only upon illumination with blue light, EL222 dimerizes and 

binds to the cognate (C120)5 sequence, thus bringing the VP16 activation 

domain into close proximity of the minimal promoter and activating FLuc 

transcription (Figure 8a).  
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Arabidopsis protoplasts were co-transformed with the reporter module with or 

without the blue-responsive module. Then they were incubated in different blue 

light intensities (0.25, 0.5, 1, 5, 10 μmol m-2 s-1) and the luminescence was 

determined after 18 h. A constitutive Renilla luciferase (RLuc) was included as 

a normalization element. Profiting from the fact that the reporter module has a 

recognition site for the E protein – (etr)8 – (not relevant for the BOn switch) a 

constitutively expressed E-VP16 was included as a positive control for light-

independent activation of the reporter module. The ratios FLuc/RLuc for four 

technical replicates are shown in Figure 8b. The optogenetic switch showed a 

good dynamic range, with the maximum fold induction (8.1-fold) being 

achieved after incubation in 5 μmol m-2 s-1 blue light. It was also observed that 

these blue light intensities had no negative effects on the expression of FLuc 

or RLuc, as shown for the constitutive/positive control E-VP16 (Figure 8b), 

inferring that they had no toxic effects on the cells. 
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Figure 8. Design and characterization of the blue light-regulated gene activation switch (BOn) in 

Arabidopsis protoplasts. (a) Constructs and mode of function. The components engineered and 

characterized in plant cells are: i) the blue light-responsive photoreceptor EL222 fused to an activation 
domain VP16 and placed under the control of the constitutive promoter PCaMV35S, ii) a synthetic promoter 

composed of five repeats of C120 - (C120)5 - and a minimal promoter PhCMV, driving the expression of 

the reporter gene FLuc, and iii) PCaMV35S driving the constitutive expression of the normalization element 
RLuc. A constitutively expressed E protein fused to VP16 is included as a positive control, where E 

binding to its cognate sequence (etr)8 in the reporter module activates FLuc expression in a light-

independent manner. The transcription factor EL222 has a Light-Oxygen-Voltage (LOV) dependent and 
a Helix-Turn-Helix (HTH) domain. The photoreceptor is folded in the dark due to a flavin-protein adduct 

and incapable of binding to DNA. As a result, there is no expression of FLuc in the dark. Upon blue light 

irradiation, EL222 unfolds and dimerizes, binding to the (C120)5 element, bringing the transactivator 

domain VP16 close to the minimal promoter and initiating the transcription of FLuc. (b) Characterization 
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of the system. Arabidopsis protoplasts were transformed with the reporter module (pROF021) and the 

blue light-inducible element VP16-EL222 (pKM531) or without the optoswitch (∅, stuffer plasmid). 

Constitutively expressed RLuc (GB0109) was included for normalization. After transformation, 

protoplasts were kept in darkness or illuminated with different intensities of blue light (0.25, 0.5, 1, 5, 10 
μmol m-2 s-1), and FLuc and RLuc were determined after 18 h. Shown data are the mean FLuc/RLuc 

ratios. Error bars indicate standard error of the mean (SEM), n = 4. RLU = Relative Luminescence Units. 

NLS = Nuclear Localization Sequence. 

Subsequently, a blue light-regulated gene repression switch (BOff) was 

engineered. This switch comprises: i) the constitutively expressed EL222 

fused to a transcriptional repressor domain (RD), and ii) a reporter module 

driving the expression of a reporter gene, e.g. FLuc, under the control of a 

synthetic tripartite promoter. The promoter comprises a quintuple-repeat target 

sequence for EL222, (C120)5, flanked by the enhancer sequence of the 

CaMV35S promoter and the minimal promoter PhCMVmin. (Figure 9a). 

Three versions of the blue light-repressor module were evaluated by fusing 

either of three different known transrepressor domains to the N-terminus of 

EL222; one from the human Krüppel Associated Box (KRAB) protein (Baaske 

et al., 2018; Moosmann et al., 1997), and two from Arabidopsis, namely the 

B3 repression domain (BRD) and the EAR repression domain (SRDX) (Ikeda 

and Ohme-Takagi, 2009). The functionality of the BOff optoswitches was 

assayed by transient co-transformation with the reporter construct in 

Arabidopsis protoplasts. Constitutively expressed Renilla luciferase, RLuc, 

was included for normalization. The cells were illuminated for 18 h at different 

light intensities of blue light (0, 0.25, 0.5, 1, 5 and 10 μmol m-2 s-1), and 

FLuc/RLuc activity was quantified (Figure 9b). All three versions of the 

repressor modules were functional although with different efficiencies, yielding 

a range of repression levels (SRDX, 92%; BRD, 84%; and KRAB, 53%; at 10 

μmol m-2 s-1 blue light). The highest repression level and dynamic range was 

achieved with SRDX-EL222 as a trans-repressor module. 
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Figure 9. Design and characterization of the blue light-regulated gene repression switch (BOff) in 

Arabidopsis protoplasts. (a) Constructs and mode of function. The components engineered and 

characterized in plant cells are: i) the blue light-responsive E. litoralis photoreceptor EL222 fused to either 
of three different repressor (RD-EL222) domains: KRAB, BRD, SRDX and placed under the control of 

the constitutive promoter PCaMV35S, ii) a synthetic promoter composed of the enhancer region of PCaMV35S, 

five repeats of C120 - (C120)5 - and a minimal promoter PhCMVmin, driving the expression of the reporter 
gene FLuc, and iii) PCaMV35S driving the constitutive expression of the normalization element RLuc. The 

transcription factor EL222 has a Light-Oxygen-Voltage (LOV) dependent domain and a Helix-Turn-Helix 

(HTH) domain. The photoreceptor is folded in the dark due to a flavin-protein adduct and incapable of 
binding to the (C120)5 element. As a result, expression of FLuc is constitutively active. Upon blue light 

illumination RD-EL222 unfolds allowing the formation of dimers binding to the (C120)5 element via the 

HTH. As a result, the initiation of FLuc transcription is repressed. (b) Characterization of the system. 

Arabidopsis protoplasts were transformed with the reporter module (pROF402) and the blue light-
responsive element (photoreceptor, EL222) fused to either repressor: KRAB (pROF018), BRD 
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(pROF050), and SRDX (pROF051) or without the optoswitch (∅,	 stuffer plasmid). Constitutively 

expressed RLuc (GB0109) was included for normalization. After transformation, protoplasts were kept 

in darkness or illuminated with different intensities of blue light (0.25, 0.5, 1, 5, 10 μmol m-2 s-1), and FLuc 

and RLuc were determined after 18 h. Shown data are the mean FLuc/RLuc ratios. Error bars indicate 
standard error of the mean (SEM), n = 6. RLU = Relative Luminescence Units. NLS = Nuclear 

Localization Sequence. 

These switches are, to date, the first blue light-inducible switches to control 

gene expression in plant cells. The fact that the cofactor supplementation is 

not required and that this optoswitch is orthogonal to plants are advantages 

for its implementation in Arabidopsis. It comprises only one component, 

simplifying the construction and transformation of the required plasmids. It has, 

however, some remaining activity in the dark state, as it can be observed in 

the results. Overall, this tool presents many advantages that make it suitable 

for combination with other switches for multi-chromatic control of gene 

expression. 

5.2.2. Blue light-gated transporter 

The implementation of light-gated ion channels based on microbial opsins to 

manipulate neuronal excitability has revolutionized the neurosciences. 

Besides the channelrhodopsins, there are some reports of regulation of ion 

channels by a using LOV domains (Cosentino et al., 2015; Papanatsiou et al., 

2019; Schmidt et al., 2014). We attempted to develop the first light-controlled 

transmembrane metabolite transporter, in a collaboration project with the 

group of Prof. Weber at the University of Düsseldorf. The aim is to achieve an 

ATP transporter that is controlled by blue light. For that purpose, the Ca2+-

controlled mitochondrial ATP-phosphate carrier, APC1/2/3, was chosen to 

convert it from a Ca2+-gated into a light-gated transporter. This will allow in the 

future the targeted functional analysis of the metabolite transport decoupled 

from the endogenous regulation under normal conditions and in response to 

stress. 

Due to the fact that there is little information about the structure of AtAPC1, the 

human homolog hAPC1 which structure information is available (Harborne et 

al., 2015; Yang et al., 2014) was used as a first approach to develop such an 

opto-APC. The hAPC1 is composed by: an N-terminal domain (NTD) 
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containing the EF-hand motifs responsible for Ca2+-binding; a peptide 

segment, the H9 helix also called alpha helix, which has a regulatory function 

(Harborne et al., 2015); and a C-terminal transmembrane domain (TMD). 

Under high Ca2+ levels, the H9 is “self-sequestered” in the NTD and therefore 

the channel is open, while at low Ca2+ levels, there is a rearrangement of the 

NTD and the H9 is excluded from the NTD, blocking the channel. It is not clear 

yet whether the H9 is responsible for the channel blocking or the NTD-H9 

(Harborne et al., 2015). The H9 helix is annotated in different positions 

according to the literature, either starting at the residue 159 (Yang et al., 2014) 

or 164 (Monné et al., 2015) of hAPC1. 

Based on the structural and functional aspects, several designs of the opto-

hAPC were made. The constructs were developed for its expression in 

mammalian cells as a first approach to elucidate the mechanism of function. 

The strategies involve the removal of the NTD responsible for Ca2+ sensing, 

upstream of the H9, and replacement by different versions of the LOV2 domain 

from Avena sativa Phototropin 1 corresponding to residues 404–546 

(AsLOV2). The design comprises different sites of fusion (Table 2, Figure 10a): 

i) fusion of the wildtype AsLOV2 to different truncated versions of hAPC1 

lacking the NTD, the Jα helix of the LOV domain was fused to the H9 helix 

directly (pROF300), or either keeping 6 (pROF301) or 9 amino acids 

(pROF307) upstream of the H9 helix; ii) fusion of the iLID version of 

AsLOV2(L493V,Q502Y,H519R,V520L,R521H,D522G,G528A,M530C,E537F,N538Q,D540A)-SsrA 

(Guntas et al., 2015), to the H9-TMD of hAPC1 and separated by a linker 

(pROF302). In this case, the Jα helix of the AsLOV2 is fused to a bacterial 

SsrA peptide, which is proven to be well docked and released upon blue light 

irradiation, followed by a linker. Additionally, the AsLOV2 domain has several 

mutations introduced to improve the docking and undocking. The SsrA and the 

linker that provides a spacer between the Jα helix and the H9 helix, probably 

giving more flexibility to the whole structure and freedom for the N-term of the 

protein to move out of the channel; iii) fusion of the TULIP version of 

AsLOV2(T406A, T407A,G528A,I532A,N538E)-pep (Strickland et al., 2012), to the H9-TMD 

of hAPC1 (pROF303). Similarly to iLID, the Jα helix is also fused to a peptide 
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(pep) which is optimally docked into the LOV domain. The AsLOV2 domain 

additionally contains a different set of mutations in comparison with the 

wildtype. 

Additionally, a set of controls were also designed and cloned: i) the full-length 

hAPC1 (pROF304); ii) a truncated version of hAPC1 containing the H9-TMD 

according to Yang (Yang et al., 2014) (pROF305) or Monné, (Monné et al., 
2015) (pROF309); iii)  a truncated version of hAPC1 only containing the TMD 

(pROF308); and, iv) a localization control of eGFP fused to truncated hAPC1 

containing H9-TMD (pROF306) to test if the deletion of the N-terminal leads to 

mislocalization of the protein. All the versions were cloned additionally with an 

HAtag in the C-term to allow the subsequent detection of the protein (Table 2). 
Based on the first results, the constructs can be customized in the future for 

the Arabidopsis homolog AtAPC1. 

Table 2. Overview of the plasmids generated for the opto-APC1 system and the controls. 

Plasmid 
name Description Plasmid 

name Description 

pROF300 PSV40-AsLOV2-hAPC1(159-
477)-TSV40 pROF355 PSV40-HAtag-AsLOV2-

hAPC1(159-477)-TSV40 

pROF301 PSV40-AsLOV2-hAPC1(156-
477)-TSV40 pROF356 PSV40-HAtag-AsLOV2-

hAPC1(156-477)-TSV40 

pROF302 PSV40-AsLOV2-SsrA-
linker-hAPC1(159-477)-TSV40 pROF357 PSV40-HAtag-AsLOV2-SsrA-

linker-hAPC1(159-477)-TSV40 

pROF303 PSV40-AsLOV2-pep-
hAPC1(159-477)-TSV40 pROF358 PSV40-HAtag-AsLOV2-pep-

hAPC1(159-477)-TSV40 
pROF304 PSV40-hAPC1(1-477)-TSV40 pROF359 PSV40-HAtag-hAPC1(1-477)-TSV40 

pROF305 PSV40-hAPC1(159-477)-TSV40 pROF360 PSV40-HAtag-hAPC1(159-477)-
TSV40 

pROF306 PSV40-eGFP-hAPC1(159-
477)-TSV40 pROF361 PSV40-HAtag-eGFP-hAPC1(159-

477)-TSV40 

pROF307 PSV40-AsLOV2-hAPC1(153-
477)-TSV40 pROF362 PSV40-HAtag-AsLOV2-

hAPC1(153-477)-TSV40 

pROF308 PSV40-hAPC1(207-477)-TSV40 pROF363 PSV40-HAtag-hAPC1(207-477)-
TSV40 

pROF309 PSV40-hAPC1(179-477)-TSV40 pROF364 PSV40-HAtag-hAPC1(179-477)-
TSV40 

The assumption is that in the dark, the H9 peptide will be caged into the core 

of the LOV2, while under blue light-irradiation it will be released from the core. 

One of the hypotheses is that in the docked state, the peptide will be separated 

from the TMD thus being the channel open, while under blue light, the released 

H9 will block the channel (Figure 10b). However, it could also be that the 
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LOV2-H9 will be blocking the channel, and in the blue light-induced open state 

the channel will be cleared (Figure 10c). This will depend on the size and 

flexibility of the linker sequence between the LOV2 and the H9-TMD. Another 

factor that will determine the behaviour of the switch is if the H9 alone is able 

to block the channel or if it is needed the LOV2-H9, as it is not yet fully clear 

the blocking mechanism of the native APC. In any event, these hypotheses 

have yet to be tested experimentally. So far only preliminary tests have been 

performed and further optimization needs to be done due to the fact that the 

different versions are expressed irregularly in the mammalian cells. Anyhow, 

besides getting a useful tool for studying and manipulating ATP transport, the 

testing of the different versions will provide useful insights into structural and 

functional issues of the transporter itself. 

 

Figure 10. Design of the opto-hAPC1. (a) Alignment of the fusion region between the different versions 

of AsLOV2 domain and the H9-TMD of hAPC1. (b,c) Proposed mode of function fo the switch. The 

carrier is either blocked and avoiding the ATP transport when irradiated with blue light (b) or when is kept 
in the dark (c), depending on linker size and flexibility separating the LOV2 and H9 as well as the affinity 
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of the H9 to bind the TMD and therefore block the channel. ATP is depicted as yellow pentagons. LOV2, 

Light-Oxygen-Voltage domain 2 from Avena Sativa Phototropin1; TMD, transmembrane domain. 

 

5.3. Red light-inducible system to control gene expression  

The red light-inducible system has been successfully implemented in 

Nicotiana tabacum (Müller et al., 2014b) and in Arabidopsis thaliana mesophyll 

protoplasts (Ochoa-Fernandez et al., 2016). It has also been used in a proof-

of-principle application to regulate hormone signalling and to express a human 

vascular endothelial growth factor (VEGF) in Physcomitrella patens (Müller et 

al., 2014b). It functions as a chimeric transcription factor, based on a truncated 

version of PhyB, fused to a VP16 transactivation domain, and a truncated 

version of PIF6, fused to a DNA binding domain. There is a synthetic promoter 

in which the cognate sequence of the DNA binding domain is placed upstream 

of the minimal promoter PhCMVmin. Therefore, only under red light, when PhyB 

and PIF6 interact, transcription of the gene of interest is initiated (Chapter 1). 

The truncated PhyB(1-650) contains the PAS-GAF-PHY domains from the 

photosensory module (PSM), lacking the C-terminal module (CTM). The 

truncated PIF6(1-100) contains the active PhyB-binding (APB) region, excluding 

the C-terminal portion which comprises the basic helix-look-helix (bHLH) 

responsible for the DNA binding. 

5.3.1. Testing of different new variants of the red light-inducible gene 

expression system  

To determine if the system could be improved in terms of performance and/or 

dynamic range, two strategies were followed.  

Firstly, the exchange of the activation domain VP16 by a stronger activation 

domain designed and tested by Li et al. in Arabidopsis and rice protoplasts (Li 

et al., 2017) and composed by 6 TAL effectors and VP128 (termed TV).  

Secondly, the exchange of the PIF6(1-100) by other versions such as PIF6(10-52) 

and PIF3AAfus (Figure 11a). The APB motif is composed of two segments, 

termed APB.A and APB.B, the prior being the most conserved. Therefore, 

PIF6(10-52) is a version that only includes the APB.A motif of PIF6, and PIF3AAfus 
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is a version that includes two APB.A motifs of PIF3 fused. These two variants 

of PIFs were chosen based on their high dynamic range in mammalian cells 

(Golonka et al., 2019). 

In protoplasts co-transformed with the different combinations of PhyB-VP16 

and E-PIF with the reporter module, it was observed that the shorter version 

of PIF6(10-52) does not significantly improve the dynamic range in comparison 

with PIF6(1-100). On the other hand, the PIF3AAfus has a lower leakiness in the 

dark, resulting in a higher fold induction (Figure 11b). However, in the 

configurations that included PhyB-TV, the highest induction fold is achieved 

with the shorter version of PIF6(10-52), followed by the PIF3AAfus (Figure 11b). 

The positive controls show that E-VP16 has higher overall expression than E-

TV probably due to the difference in size between both activation domains. 

This difference in the size of the E-PIF-PhyB-AD complex could also explain 

the diversity of induction/dynamic ranges obtained. It could be of particular 

interest to test in the future various linker sizes separating E-PIF and PhyB-

AD, as well as different synthetic promoters with spacer sequences between 

the etr and the minimal promoter. 

Applying similar principles to the BOff system (Figure 9), a red light-regulated 

switch to repress gene expression was designed by fusing the strong plant 

repressor SRDX to either the C-term or N-term of the PhyB(1-650). Additionally, 

a constitutive and operable synthetic promoter comprising the enhancer region 

of PCaMV35S(-951 to -51), eight repeats of the target sequence of the protein E - 

(etr)8 - and a minimal promoter PhCMV, driving FLuc gene expression was 

designed. Figure 12 depicts the theoretical mode of function of this switch, as 

well as the plasmid design. The design of this system has yet to be extensively 

tested in protoplasts, although it is expected to be in the OFF state upon red 

light treatment and the ON state upon darkness or far-red light treatment. 

Based on the previous performance of the PhyB-PIF switch there are reasons 

to believe that this approach could work in plant cells, however, the 

perturbance of the synthetic promoter by the constitutive binding of E-PIF to it 

must be assessed. A lower number of etr repeats could probably be desirable, 
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as they would increase the activity of the operable promoter. On the other 

hand, this could lead also to lower repression levels upon red light-irradiation.  

 

 

Figure 11. Red light-regulated gene activation switch (ROn), variants and functional test in Arabidopsis 
protoplasts. (a) Constructs and mode of function. The components engineered and characterized in plant 

cells are: i) the red light-activated, far-red light-inactivated switch comprising the first 650 amino acids of 

the PhyB photoreceptor - PhyB(1-650) - fused to an activation domain (AD), VP16 or TV, and the macrolide 



 

 52 

repressor DNA-binding protein E fused to either PIF6(1-100), PIF6(10-52), or PIF3AAfus. The two modules of 

the switch are constitutively expressed under the control of the promoter PCaMV35S, ii) eight repeats of the 

target sequence of the protein E, etr - (etr)8 - and the minimal promoter PhCMVmin, driving the expression 
of the reporter gene FLuc, and iii) PCaMV35S driving the constitutive expression of the normalization 

element RLuc. A constitutive E fused to VP16 and TV is included as a control to asses the maximum 

light-independent repression of the expression achievable. Under red light, PhyB is in the active form 
(PhyBfr), and therefore able to interact with PIF, which is bound to (etr)8 through the E protein. In 

consequence, there is recruitment of the activator domain to the minimal promoter, resulting in 

expression of FLuc (left). In darkness or far-red light, PhyB is in the inactive form (PhyBr), therefore 

unable to bind to the synthetic promoter, resulting in no FLuc transcription (right). (b) Characterization of 
the system. Arabidopsis protoplasts were transformed with the reporter module (pMZ836) and the red 

light-responsive elements PhyB, fused to either activation domain VP16 (pROF538), or TV (pROF531), 

and E fused to either PIF61-100 (pROF490), PIF610-52 (pROF491), or PIF3AAfus (pROF492), or without the 
optoswitch (stuffer plasmid). Reporter module co-transformed with either E fused to VP16 (pKT011), or 

TV (pKT121), were included as positive controls. Constitutively expressed RLuc (GB0109) was included 

in all cases for normalization. After transformation, protoplasts were kept in darkness or illuminated with 
different intensities of red light (10 μmol m-2 s-1), and FLuc and RLuc were determined after 19 h. Shown 

data are the mean FLuc/RLuc ratios. Error bars indicate standard error of the mean (SEM), n = 6. RLU 

= Relative Luminescence Units. NLS = Nuclear Localization Sequence. 

 

Figure 12. Mode of action of a theoretical red light-regulated gene repression switch (ROff).The 

components are: i) the red light-inactivated switch comprising the first 650 amino acids of the PhyB 

photoreceptor - PhyB(1-650) - fused to a repressor domain (SRDX), and the macrolide repressor DNA-
binding protein E fused to either PIF6(1-100), PIF6(10-52), or PIF3AAfus. The two modules of the switch are 
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constitutively expressed from the promoter PCaMV35S, ii) composed of the enhancer region of PCaMV35S, 

eight repeats of the target sequence of the protein E, etr - (etr)8 - and a minimal promoter PhCMV, driving 

the expression of the reporter gene FLuc, and iii) PCaMV35S driving the constitutive expression of the 
normalization element RLuc. A constitutive E protein fused to SRDX is included as control to asses the 

maximum light-independent repression of the expression achievable. Under red light, PhyB is in active 

form (PhyBfr), and therefore able to interact with PIF which is bound to (etr)8 through the E protein. In 
consequence, there is recruitment of the repressor domain to the minimal promoter, resulting in 

termination of FLuc expression (left). In darkness or far-red light PhyB is in the inactive form (PhyBr), 

therefore unable to bind to the synthetic promoter resulting in FLuc transcription (right). NLS = Nuclear 

Localization Sequence. 

5.3.2. Design and implementation of a novel red-light controlled dCas9 to up- 

or down-regulate gene expression 

A new concept of a red-light inducible system that could be customized to up- 

or down-regulate any gene of interest was engineered. For that purpose, the 

DNA-binding protein of the ROn switch was exchanged by the nuclease-

deficient Streptococcus pyogenes Cas9 (D10A, H840A) protein, dCas9 

(Perez-Pinera et al., 2013). In this manner, any gene of interest can be 

targeted by an ad-hoc designed guide RNA (Figure 13a). Several constructs 

of dCas9 fused to different versions of PIF were generated, and PhyB was 

fused to the strong TV activation domain. The TV was selected due to the fact 

that fusions of PhyB-VP16 were found to be insufficient in activating gene 

expression in preliminary experiments (data not shown). This also aligns with 

the reported low to moderate activation by using a constitutive dCas9-VP64 in 

Arabidopsis and rice protoplasts and Nicotiana leaves (Li et al., 2017; Vilar et 

al., 2016). 

For the up-regulation, two promoters and gRNAs targeting those promoters 

were selected. Firstly, the orthogonal promoter from Solanum lycopersicum 

dihydroflavonol 4-reductase (PSlDFR) and a gRNA against the -150 bp region of 

PSlDFR relative to the transcription start site (TSS) was used based on results 

obtained by Selma et al. in Nicotiana leaves (Selma et al., 2019). Secondly, 

the promoter of the Arabidopsis gene APETALA1 (PAtAP1), which includes the 

5’UTR and - 2781 bp upstream of the TSS, was selected. Several gRNA 

specific for various regions in proximity of the target promoter were designed 

and screened for functionality (data not shown), with that against the -100 bp 
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region of PAtAP1 relative to the TSS showing functionality within the system. To 

monitor the activation of the promoter, FLuc was used as a quantitative 

readout. 

In both cases, the highest fold induction was achieved with the dCas9-PIF6(1-

100) version. Red light induction of the system yielded 12.8-fold induction rates 

from the PSlDFR-FLuc construct compared to dark incubation (Figure 13b), and 

4.7-fold induction rates when targeting the  PAtAP1-FLuc (Figure 13c).  
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Figure 13. Mode of function of the red light-activated dCas9-based switch to upregulate gene expression 
in Arabidopsis protoplasts. (a) Constructs and mode of function. The components engineered and 

characterized in plant cells are: i) the red light-activated modules comprising the nuclease-deficient 

Streptococcus pyogenes Cas9 - dCas9 - fused to either PIF6(1-100), PIF6(10-52), or PIF3AAfus, and the first 

650 amino acids of the PhyB photoreceptor - PhyB(1-650) - fused to the activation domain termed TV. The 
two modules of the switch are constitutively expressed from the promoter PCaMV35S, ii) the target module 

composed by the orthogonal promoter from Solanum lycopersicum dihydroflavonol 4-reductase 

promoter - PSlDFR - and the promoter from the Arabidopsis gene APETALA1 - PAtAP1 -, driving the 
expression of the reporter gene FLuc, iii) the guide RNA to target either of the two promoters 

gRNA(PSlDFR) and gRNA(PAtAP1), and iv) PCaMV35S driving the constitutive expression of the normalization 

element RLuc. A constitutive dCas9 fused to TV is included as a control to asses the maximum light-
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independent upregulation of the expression achievable. Under red light, PhyB is in the active form 

(PhyBfr), and therefore able to interact with PIF which is bound to the promoter of interest. The guide 

RNA confers the specificity to the promoter. In consequence, there is recruitment of the strong activator 
domain in the proximity of the promoter which leads to transcription activation of FLuc (left). In darkness 

or far-red light PhyB is in the inactive form (PhyBr), therefore unable to bind to PIF resulting in only basal 

activity of the promoter and FLuc transcription (right). (b) Characterization of the system using an 
orthogonal promoter. Arabidopsis protoplasts were co-transformed with the target/reporter module, 

PSlDFR-FLuc (GB1159), either without activation and guide module (stuffer plasmid) for the negative 

control, or with the constitutive dCas9-TV (GB2047) and appropriate gRNA to target PSlDFR (GB1221) as 

positive control, or with the red-light activation modules together with the guide module. For the red light-
responsive elements, PhyB-TV (pROF531) was co-transformed with the modules containing dCas9 

fused to either PIF6(1-100), (pROF487), PIF6(10-52) (pROF488), PIF3AAfus (pROF489).  Constitutively 

expressed RLuc (GB0109) was included in all cases for normalization. (c) Characterization of the system 
using an Arabidopsis promoter. Arabidopsis protoplasts were co-transformed with the target/reporter 

module, PAtAP1-FLuc (pROF366) either without activation and guide module (stuffer plasmid) for the 

negative control, or with the constitutive dCas9-TV (GB2047) and appropriate gRNA to target PAtAP1 
(pROF441) as positive control, or with the red-light activation modules together with the guide module. 

For the red light-responsive elements PhyB-TV (pROF531) was co-transformed with the modules 

containing dCas9 fused to either PIF6(1-100), (pROF487), PIF6(10-52) (pROF488), PIF3AAfus (pROF489). 
Constitutively expressed RLuc (GB0109) was included in all cases for normalization. (b,c) After 

transformation, protoplasts were kept in darkness or illuminated with different intensities of red light (10 

μmol m-2 s-1), and FLuc and RLuc were determined after 18 h. Shown data are the mean FLuc/RLuc 
ratios. Error bars indicate standard error of the mean (SEM), n = 4. RLU = Relative Luminescence Units. 

NLS = Nuclear Localization Sequence. 

Theoretically, the dCas9 controlled with red light can be used to down-regulate 

the expression of a promoter. Additional plasmids were designed, as 

exemplified in Figure 14, to attempt the establishment of such a system to 

target promoters as a proof of concept. The design of this system has yet to 

be extensively tested in protoplasts, although it is expected to be able to down-

regulate a gene of interest upon illumination with red light. For this, the PhyB 

is fused to a repressor, namely SRDX, and the guide RNA must be designed 

to target a promoter of interest that has constitutive activity. This promoter 

could be orthogonal like, for instance, the nopaline synthase promoter from 

Agrobacterium tumefaciens (Pnos), that was previously regulated by targeting 

a -161 bp upstream site relative to the TSS of said promoter (Vilar et al., 2016). 

Alternatively, it can also be customized to repress an endogenous promoter of 

interest. Whether the dCas9-PIF and gRNA complex binding the promoter 
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constitutively interferes with the normal activity of the promoter will have to be 

assessed for such a system. 

 

Figure 14. Mode of function of a theoretically red-light controlled tool to down-regulate gene expression. 
Constructs and mode of function. The components are: i) the red light-repression modules comprising 

the nuclease-deficient Streptococcus pyogenes Cas9 - dCas9 - fused to either PIF6(1-100), PIF6(10-52), 

PIF3AAfus, and the first 650 amino acids of the PhyB photoreceptor - PhyB(1-650) - fused to a repressor 
domain (SRDX). The two modules of the switch are constitutively expressed from the promoter PCaMV35S 

promoter, ii) the target module comprises the promoter of interest driving the expression of the reporter 

gene FLuc, iii) the guide RNA to target the promoter of interest, and iv) PCaMV35S driving the constitutive 
expression of the normalization element RLuc. A constitutive dCas9 fused to SRDX is included as a 

control to asses the maximum light-independent downregulation achievable. Under red light, PhyB is in 

active form (PhyBfr), and therefore able to interact with PIF which is bound to Promoter of interest trough 
the dCas9-gRNA complex. In consequence, there is recruitment of the repressor domain near the 

promoter, resulting in termination of FLuc expression (left). In darkness or far-red light PhyB is in the 

inactive form (PhyBr), therefore, it is unable to bind to the promoter resulting in FLuc transcription (right).
NLS = Nuclear Localization Sequence. 

In summary, these red light-controlled switches based on PhyB and PIF have 

the advantage of not needing the addition of a cofactor, as it is already present 

in plants. Also, they are reversible in far-red light additionally to dark reversion. 

However, they are based on Arabidopsis genes so their stable implementation
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in this platform in the future could lead to cross-talk effects. The usage of small 

truncated versions of PhyB and PIF could partially alleviate this issue, as the 

truncated PIFs lack the bHLH and, therefore, the DNA binding ability, and 

PhyB lacks some of the regulatory domains located in the CTM. Additionally 

to the PSM, the CTM has been reported to be involved in PIF binding and 

degradation as well as thermal reversion (Legris et al., 2019), therefore, the 

PhyB(1-650)-VP16 can have different affinity for the PIF and different reversion 

kinetics compared to the endogenous PhyB. Another way of overcoming this 

issue could be to combine it with chemical inducible systems following the 

example of earlier works in mammalian systems (Chen et al., 2015). 

The red light-inducible switch based on chimeric transcription factors yielded 

an array of dynamic ranges. It seems that the PIF3AAfus provided a good 

dynamic range when combined with PhyB-VP16 while showing a lower basal 

activity in the dark. The configurations comprising PhyB-TV, and PIF610-52 

yielded a higher overall expression while keeping a high fold induction. Both 

PIF3AAfus and PIF6(10-52)  are smaller, containing 57 amino acids and 43 amino 

acids respectively, than PIF6(1-100), so it could be beneficial in the future for 

their combination with other switches and for minimizing crosstalk with other 

plant components.  

The dCas9 strategy stands out as very promising thanks to the possibility of, 

in principle, controlling endogenous gene expression on command. 

Additionally, it can be used to control synthetic and orthogonal promoters as 

exemplified here. To date, this is the first tool controlling dCas9 activation by 

red-light to be developed and successfully be applied in plant cells. This tool 

could also be implemented in animal cells or other hosts, resulting in novel 

applicability considering that most of the optogenetic tools to control dCas9 

are developed to be activated by blue or far-red light (Table 1). 

 

5.4. Discussion 

Different tools to control gene expression with green, blue, and red light in plant 

cells were developed. These tools could be the basic components to generate 
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complex genetic circuits in the future, either combining them between 

themselves or with other yet to be developed switches, namely the UVR8-

COP1 UV light inducible-system (Crefcoeur et al., 2013) or chemical switches.  

Some of these tools have the advantage of being orthogonal such as the 

switches based on EL222 and CarH, while others have the advantage of not 

needing the addition of a cofactor like the EL222 and PhyB-PIF optoswitches. 

These characteristics, as well as the dynamic range, have to be taken into 

account if they are to be combined to generate complex and/or multi-chromatic 

circuits. The crosstalk between wavelength absorption is something to 

consider as well, as often the photoreceptors absorb in more than one range 

of the spectrum (see Table 3). In order to combine, for instance, the red (PhyB-

PIF) light gene activation-switch with the UV (UVR8-COP1) or blue (EL222) 

light gene activation-switches, it would be necessary to illuminate with UV and 

blue light and simultaneously with far-red light, in the same manner that it was 

made in the past for mammalian cells (Müller et al., 2013b). This would not be 

necessary if the PhyB-PIF switch is combined with the CarH system, for 

instance.  

Table 3. Response matrix for gene expression switches to different illumination setups. 

Illumination 

 UV  Blue Green Red 

O
pt

os
w

itc
h 

UVR8-
COP1 �    

EL222 � �   

CarH � � �  

PhyB-
PIF � �  � 

However, there are other options for the combination of the switches yet to be 

explored. It would be of particular interest for future applications in planta to 

have the dCas9 red light-inducible combined in a multi-chromatic approach 

with the blue light repression system as exemplified in Figure 15. In this 

approach, there would be activation of gene transcription only when 
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illuminated with red light and not during daylight – night cycles. Also, the fact 

that the PhyB and PIF modules are under the control of the blue switch will 

reduce the amount of said proteins in the plant (as they would only be 

produced in the night and at a lesser amounts than with a constitutive 

promoter), therefore potentially reducing the possible interference in 

endogenous PhyB/PIF signalling. This would also decrease the basal activity 

in the dark and the possible effect of the dCas9-PIF and gRNA complex 

interference of the endogenous promoter. 

 

Figure 15. Theoretical approach for a red light endogenous gene expression control mediated by dCas9 
not affected by white light. The components of the red-light activated dCas9 are under the control of the 

BOff system and therefore only expressed in the absence of blue light, e.g. in the night. However, only 

when there is red light, and in the absence of blue light, the components are expressed and interact with 

each other, resulting in the activation of the endogenous gene of interest. AD, activation domain; (C120)5, 
five repeats of the DNA cognate sequence of EL222; dCas9, nuclease-deficient Streptococcus pyogenes 

Cas9; EL222, transcription factor 222 from Erythrobacter litoralis; gRNA, guide RNA part containing the 

20 bp target sequence; goi, gene of interest; HTH, helix-turn-helix domain; LOV, light-oxygen-voltage 
domain; P35Senhancer, enhancer region of the cauliflower mosaic virus 35S promoter, PhCMVmin, minimal 

human cytomegalovirus immediate early promoter; PhyB, Phytochrome B; PIF, PHYTOCHROME 

INTERACTING FACTOR; RD, repression domain; TV, activation domain composed by 6x TAL and 2x 
VP64 and NLS sequence. 
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6. Chapter 3: Developing a system that is white light 
non-responsive  

Ochoa-Fernandez, R., Abel, N.B., Wieland, F.G., Schlegel, J., Koch, L.A., 

Miller, J.B., Engesser, Giuriani, G., R., Brandl, S.M., Plum, J. Timmer, J., 

Weber ,W., Ott, T., Simon, R., and Zurbriggen, M.D. PULSE – Optogenetic 

control of gene expression in plants in the presence of ambient white light. 

Manuscript submitted. (Appendix A)
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6.1. Design, implementation, and test of the Plant Usable Light 

Switch-Elements (PULSE) in plant cells 

PULSE is an integrated optogenetic molecular device, consisting of two 

components: a module providing activation of gene expression under red light 

(ROn) and a second one ensuring effective transcriptional repression under 

blue light (BOff). The rationale behind this new conceptual and experimental 

approach is that the combination of both switches will yield a system that is 

inactive in ambient growth conditions (light and darkness) and only active upon 

irradiation with red light for its application in plants growing under standard light 

conditions (Figure 16).  

To allow gene induction with PULSE, the novel blue light-repressible (BOff) 

module based on the strongest repression version (Figure 9, Section 5.2.) was 

combined with the previously developed PhyB-PIF6 red light-inducible split 

transcription factor switch (ROn) (Figure 11, Chapter 2) (Müller et al., 2014b; 

Ochoa-Fernandez et al., 2016) (Figure 17a). PULSE thus integrates: i) a 

constitutively expressed red light-activation module composed of PhyB-VP16 

and E-PIF6, ii) a constitutively expressed blue light-repressor module SRDX-

EL222, and iii) a synthetic target promoter, POpto, integrating the binding 

domains for both switches, namely (C120)5 and (etr)8, upstream of a hCMV 

minimal promoter sequence driving the expression of a gene of interest, e.g. 

FLuc. In the presence of blue or white light (a combination of blue, green, red 

and far-red wavelengths as present in ambient light) both photoreceptors PhyB 

and EL222 bind to POpto. The net result of the recruitment of the transcriptional 

activator and repressor to the minimal promoter sets the system to the OFF 

state. This also applies to darkness and far red-light conditions, as the red 

light-switch is rendered inactive under these wavelengths. Under any other 

illumination condition lacking the blue light component, SRDX-EL222 is unable 

to bind POpto and thus to repress transcription. The system is exclusively in the 

ON state upon monochromatic red light-illumination when the interaction 

between PhyB and PIF6 leads to the recruitment of the activation domain to 

the minimal promoter, inducing gene expression (Figure 17a). 
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Figure 16. Design of PULSE, a functional optogenetic system for the control of gene expression in plants 

grown under light/dark cycles.PULSE (Plant Usable Light Switch-Element) is an optogenetic tool that 
combines a blue light-regulated repressor (BOff) with a red light-inducible gene-expression switch (ROn). 

In this way gene expression is active only upon illumination with monochromatic red light, while remaining 

inactive in darkness and under blue, far-red, and white light, hence being applicable to plants grown 
under day/night cycles. (+), presence; (-), absence. 

The PULSE system controlling FLuc expression was first introduced and 

tested in isolated Arabidopsis protoplasts (Figure 17b). The plasmids coding 

for the Ron switch were co-transformed either with or without BOff, and the 

protoplasts were incubated for 18 h under either red, blue, white or far-red 

light. In the absence of the repressor module (equivalent to ROn), efficient 



Results and discussion – Chapter 3 

 

 

 
65 

activation of PhyB was observed by red light but also under blue and white, as 

UV and blue light (300 - 460 nm) also activate PhyB (Kelly and Lagarias, 1985; 

Müller et al., 2013b). Upon addition of the BOff repressor module (PULSE 

system), it was observed induction under red light treatment only, showing a 

high dynamic range, with up to 396.5-fold-induction rates relative to darkness, 

and a very low basal level of expression in blue and white light (1.7- and 1.6-

fold, respectively). 

 
6.2. Development of a quantitative model to describe and predict 

the PULSE activity 

In order to quantitatively understand the dynamics and functional 

characteristics of PULSE and to guide the experimental design of future 

applications concerning optimal light quality, intensity, and duration, an 

ordinary differential equations (ODE)-based quantitative mathematical model 

was developed in collaboration with the group of Prof. Timmer at the University 

of Freiburg. To parameterize the quantitative model, time-series mRNA and 

protein FLuc measurements (Figure 17c,d and Supplementary Fig. S1a - 

Appendix A), as well as light dose-response FLuc measurements 

(Supplementary Fig. S1b,c - Appendix A) were used as described by Müller 

et al. (Müller et al., 2013b). 

The ON-OFF kinetic studies of the PULSE system were performed in 

protoplasts of A. thaliana by monitoring FLuc protein and mRNA levels (Figure 

17c,d). Protoplasts transformed for PULSE-controlled FLuc expression were 

kept in darkness for 12 h. Illumination was started and after 3 h of red light-

treatment, the samples were divided and incubated for the next 13 h: either i) 

in red light to quantify sustained activation, ii) transferred to darkness to assess 

the passive reversion of the system, or iii) transferred to blue light to determine 

active shut down of the system (ON-OFF) (Figure 17c). An increase of FLuc 

was observed under red light treatment while transfer to the dark or blue light 

led to termination of gene expression (faster and stronger under blue light). In 

addition, the latter samples (ON-OFF) were further split after 6 h of blue light 
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treatment further into blue and red light-incubation conditions (ON-OFF-ON). 

Re-activation of gene expression was observed, demonstrating the 

reversibility of the system. Samples illuminated for the whole period (15 h) with 

blue light showed only background levels of expression. To determine mRNA 

kinetics (Figure 17d), after transformation followed by 16 h of dark incubation, 

the protoplasts were illuminated for 4 h with red light and then transferred to 

blue light for additional 3 h. Samples were collected at the indicated time points 

and analyzed by quantitative reverse transcription-quantitative PCR (RT-

qPCR). 

In order to further characterize thresholds of time and intensity of red light 

illumination for protein production, endpoint measurements and dose-

response experiments were performed (Supplementary Fig. S1a,b - 

Appendix A). As little as 15 min of 10 μmol m-2 s-1 red light treatment or very 

low intensities of red light (0.25 μmol m-2 s-1 for 18 h) was observed to be 

sufficient to strongly activate expression. Similarly, a blue light dose-response 

study, while keeping the red illumination constant, indicated that blue light-

mediated repression overrides red light-mediated activation effects 

(Supplementary Fig. S1c - Appendix A). 

In order to validate the model, the dynamic behaviour of PULSE was simulated 

at different red light-doses and illumination times and in the absence of blue 

light (Figure 17e), or upon simultaneous irradiation with different red and blue 

light intensities for 12 h (Fig. Supplementary Fig. S2 - Appendix A). The 

resulting heatmaps will aid in the experimental design by guiding the targeted 

selection of conditions to obtain a given expression level of interest (Figure 

17e,f, Supplementary Fig. S2 - Appendix A). To illustrate this, PULSE was 

transformed into protoplasts and kept 12 h in the dark prior to incubation under 

six different combinations of red light intensities and illumination durations 

selected from the heatmap (Figure 17e). Figure 17f shows the experimental 

validation of the model predictions, namely the FLuc/RLuc ratio for the 

indicated experimental conditions. The two experimental conditions varied are 

the red light intensity and the time of continuous red light illumination. There is 

a strong correspondence between predicted and experimental FLuc/RLuc 
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determined values (Figure 17f), which indicates the applicability of the model 

to determine the experimental conditions (light intensity and time ranges) 

needed to achieve a tight control over the levels of gene expression with 

PULSE. 
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Figure 17. Molecular design, functional and model-based characterization of PULSE.(a) Mode of 
function of PULSE and constructs. The PULSE constructs are: i) the blue light-responsive element EL222 

fused to the SRDX repressor domain, placed under the control of the constitutive promoter PCaMV35S 

(BOff), ii) the red light-activated, far-red light-inactivated (reversible) split switch comprising the first 650 
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amino acids of the PhyB photoreceptor (PhyB1-650) fused to the VP16 transactivation domain, and the 
macrolide repressor DNA-binding protein E 8mphR(A) fused to the first 100 amino acids of PIF6 (PIF1-

100) (Müller et al., 2014b) (ROn). The two modules of the switch are constitutively expressed from the 

promoter PCaMV35S, iii) a synthetic promoter POpto comprising eight repeats of the target sequence of the 
protein E, etr - (etr)8 -, five repeats of C120 - (C120)5 -, and the minimal promoter PhCMVmin, driving the 

expression of the reporter gene FLuc, iv) the normalization element RLuc expressed constitutively from 

PCaMV35S. Under white/ambient light or blue light, SRDX-EL222 dimerizes and binds the (C120)5 element 
through the HTH domain. Under these conditions, PhyB is also active (PhyBfr), due to the blue and red 

light components of white light (Kelly and Lagarias, 1985; Müller et al., 2013b), and, therefore, able to 

interact with PIF6, which is bound to (etr)8 through the E protein. In consequence, there is recruitment of 
both the transactivator VP16 and the transcriptional repressor SRDX to the minimal promoter, resulting 

in no expression of FLuc as the repressor has a dominant effect on gene expression (left). In darkness 

or in far-red light, EL222 and PhyB are in the inactive form (PhyBr), therefore, both are unable to bind to 
POpto, resulting in no FLuc transcription (middle). There is induction of FLuc expression only under 

monochromatic red light, in which EL222 is inactive and PhyB is in its active conformation, binding PIF6 

(right). (b) Functional characterization of PULSE in Arabidopsis protoplasts. Protoplasts were 
transformed with the ROn module (pMZ827, pMZ828), the reporter POpto-FLuc (pROF021) and either with 

the BOff module (pROF051, PULSE system complete) or without BOff (stuffer plasmid, equivalent to the 

ROn system alone). The normalization element (GB0109) is additionally included. Protoplasts were kept 
in the dark or illuminated with white LEDs adjusted to simulate ambient light (see Supplementary Fig. 
S7 and Methods - Appendix A), or 10 μmol m-2 s-1 of redλmax 655 nm, blueλmax 461 nm, or far-redλmax 740 nm 

light. Data shows mean FLuc/RLuc ratios determined 18 h after illumination, SEM (n = 6). (c,d) 
Quantitative characterization of ON-OFF FLuc expression kinetics. Protoplasts of Arabidopsis were 
transformed with PULSE and first kept in the dark, 12 h for protein (c) and 16 h for mRNA (d) 

determination assays. Samples were afterwards illuminated with either 10 μmol m-2 s-1 of red or blue 

light, or kept in darkness for the indicated time periods. Arrows indicate the time point where the samples 
were split into different illumination conditions for response and reversibility analyses, e.g. red to dark, 

red to blue (ON-OFF), red to blue to red (ON-OFF-ON). Samples were collected every 3 h for 15 h for 

FLuc and RLuc determinations in a plate reader; and at 15 min, 30 min, 1 h, 2 h, 4 h, 4 h 15 min, 4 h 30 
min, 6 h, 7 h for RT-qPCR determinations of mRNA production. The curves are the fits to the ODE-based 

model. The shaded areas represent the error bands as calculated in 95% confidence intervals with a 

constant Gaussian error model using the profile likelihood method. Depicted are the FLuc/RLuc ratios 
for protein expression kinetics, (n = 6) (c), and the starting quantity (SQ) of FLuc transcript normalized 

with internal controls EF and Tip41L, of two technical replicates (d). (e) Model aided prediction of PULSE-

controlled protein expression levels as a function of red light intensities and illumination times. The 
calibrated model yields estimated FLuc/RLuc expression ranges (heatmap). (f) Experimental validation 

of the model predictions of the operating range of PULSE. Selected model simulated expression levels 

at different red light intensities and illumination times as indicated in (e) were experimentally tested and 
the resulting FLuc/RLuc ratios (2xSEM, n = 6) were compared to the predicted values (error bars 

calculated as in (c,d)). RLU = Relative Luminescence Units. NLS = Nuclear Localization Sequence. 
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6.3. PULSE-controlled expression of CRISPR/Cas9-derived gene 

activator and plant transcription factors to regulate promoters 

in Arabidopsis protoplasts 

PULSE was customized to achieve quantitative and temporally resolved 

control over the expression of genes from any given promoter of interest, be it 

orthogonal, synthetic or endogenous (downstream activation). For this, two 

approaches were followed, applying PULSE: i) to induce the synthesis of a 

CRISPR/Cas9-derived gene activator, or ii) to induce expression of an 

Arabidopsis TF. These expressed transcriptional activators, in turn, activate 

expression from a target orthogonal promoter (Figure a,b) or a 

target Arabidopsis promoter (Figure c-f). The Cas9-derived gene 

activator is targeted to its cognate promoter by an ad-hoc designed guide 

RNA, whereas the TF binds its natural target promoter. 

6.3.1. Optogenetic controlled expression of a Cas9-derived gene activator 

To achieve optogenetic and customizable control of potentially any target 

promoter, PULSE was set to control expression of a nuclease-deficient 

Streptococcus pyogenes Cas9 protein fused to a strong activation domain 

(named dCas9-TV) (Li et al., 2017; Selma et al., 2019). In a first proof of 

principle application, PULSE-induced dCas9-TV was used to drive expression 

from the orthogonal S. lycopersicum dihydroflavonol 4-reductase promoter 

(PSlDFR)  using FLuc as a quantitative readout in Arabidopsis 

protoplasts (Figure a). To target the promoter, a gRNA against the -150 bp 

relative to the TSS region of PSlDFR was used (Selma et al., 2019). PULSE-

controlled dCas9-TV led to activation of the promoter only upon red 

illumination, achieving 24.5- and 40.0-fold induction rate compared to 

blue light and dark treatments, respectively (Figure b). Constitutive 

expression of dCas9-TV served as a positive control yielding the maximum 

activation capacity of PSlDFR, 105.1-fold induction relative to the configuration 

without dCas9-TV (Supplementary Fig. S3a - Appendix A). In a second 

setup, optogenetically-induced dCas9-TV targeted the promoter of the 

Arabidopsis gene APETALA1 (PAtAP1) fused to the reporter FLuc (PAtAP1-

FLuc) in a plasmid. A gRNA was designed to target the 
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-100 bp region relative to the TSS of PAtAP1 (Figure c). Red light induction of

dCas9-TV yielded  17.9- and 14.1-fold FLuc induction rates from the PAtAP1-

FLuc construct compared to blue and dark illumination (Figure e).

Constitutive expression of dCas9-TV yielded a 28.6-fold induction relative to

the configuration without dCas9-TV (Supplementary Fig. S3b - Appendix A).

6.3.2. Optogenetically-induced expression of the Arabidopsis transcription 

factor LEAFY 

For the second approach, a transcription factor was chosen to be under the 

control of PULSE. On one hand, the Arabidopsis transcription factor LEAFY 

(LFY) that is known to bind PAtAP1 and promote the expression of AP1 (Parcy 

et al., 1998; Simon et al., 1996; Wagner et al., 1999) was considered. LFY and 

AP1 are involved in Arabidopsis flowering and are both expressed in the floral 

primordia. On another hand, the FLOWERING LOCUS T (FT) protein was 

considered as it is reported to travel from the leaf to the shoot apical meristem 

and promote, in conjunction with the bZIP transcription factor FD, AP1 

expression and flowering (Abe et al., 2005; Wigge, 2005). 

An initial pre-screening in Arabidopsis mesophyll protoplasts expressing LFY 

and LFY fused to the transactivator VP16, showed that LFY did not suffice to 

activate the expression of FLuc placed downstream of the AP1 promoter while 

LFY-VP16 provided activation (data not shown). This suggests that LFY has 

binding DNA activity but not transactivation activity and probably needs other 

protein(s) for the activation of AP1 which are tissue- and/or stage-specific like 

previously pointed out (Goslin et al., 2017; Parcy et al., 1998). Likewise, the 

expression of FT or FT-VP16 co-expressed with FD, did not provide 

expression of FLuc (data not shown), also suggesting the need of additional 

protein(s) for the activation of AP1, like the proposed 14-3-3 protein 

(Kawamoto et al., 2015; Taoka et al., 2011) or the recently proposed 

TEOSINTE BRANCHED1, CYCLOIDEA, PCF (TCP) family of transcription 

factors. (Ho and Weigel, 2014; Li et al., 2019).  

Based on this pre-screening, LFY-VP16 was focused on to be placed under 

PULSE control.  LFY-VP16 was fused to RLuc using a self-cleaving 2A 
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sequence, which yields equimolar amounts of both proteins from a single 

transcript (de Felipe et al., 2006) (POpto-LFY-VP16-2A-RLuc). The 

luminescence determination of RLuc allows the indirect quantification of the 

amount of LFY-VP16 protein synthesized (Figure 8d). The plasmids coding 

for PULSE were co-transformed in Arabidopsis protoplasts either with or 

without the optogenetically inducible LFY-VP16, and a PAtAP1-FLuc target 

plasmid. RLuc luminescence values indicate expression of LFY-VP16 upon 

red light treatment, while only basal levels were obtained upon blue 

light or dark treatment (17.5- and 26.6-fold induction, respectively). The red 

light-induced expression of LFY-VP16 led to activation of PAtAP1 and, 

therefore, FLuc expression achieving 31.4- and 7.4-fold induction rates 

compared to blue and darkness conditions, respectively (Figure 8f, controls 

in Supplementary Fig. S3c - Appendix A; FLuc determinations of the 

configuration without LFY-VP16-2A-RLuc were used to quantify the 

background promoter levels and subtracted from the samples with LFY).  
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Figure 18. PULSE-controlled expression of a Cas9-derived gene activator (dCas9-TV) and an 
Aarabidopsis  transcription factor for the targeted activation of promoters in Arabidopsis protoplasts. (a,b) 
Optogenetically controlled dCas9-TV expression to activate a target orthogonal promoter. In the 

presence of PULSE, dCas9-TV is expressed from POpto-dCas9-TV only under red light. dCas9-TV targets 
the orthogonal PSlDFR promoter via a gRNA (a). Activation of PSlDFR-FLuc is quantified through the reporter 

FLuc, and RLuc is used for normalization (b). Data shown are means of FLuc/RLuc ratio, SEM (n = 4) 

(b). (c-f) Optogenetic control of an Arabidopsis plant promoter from a plasmid construct (PAtAP1-FLuc). In 

a first approach, PULSE is co-transformed with POpto-dCas9-TV, a gRNA directed specifically to the 
AtAP1 promoter sequence and the PAtAP1-FLuc construct (c). Activation of PAtAP1-FLuc is quantified 
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through the reporter FLuc, and RLuc is used for normalization (e). Data shown are means of FLuc/RLuc 

ratio, SEM (n = 4) (e). In a second approach, PULSE controlled the expression of the transcription factor 

LFY-VP16, from the POpto-LFY-VP16-2A-RLuc construct. RLuc is co-expressed (via a 2A self-cleaving 
peptide) and used as a proxy of LFY-VP16 expression. LFY binds the PAtAP1 promoter hence activating 

FLuc expression from the PAtAP1-FLuc construct (d). FLuc and RLuc determinations in protoplasts co-

expressing PULSE, POpto-LFY-VP16-2A-RLuc (striped bars) and PAtAP1-FLuc (solid bars) under different 
light conditions, SEM (n = 6) (f). Data shown are means of RLuc, and means of FLuc after subtraction of 

background values (configuration without POpto-LFY-VP16-2A-RLuc). (b,e,f) The protoplasts were 

incubated in darkness, red or blue light, and luminescence determinations performed after 18 h. RLU = 

Relative Luminescence Units. 

 

6.4. In planta optogenetic control of gene expression with PULSE 

In order to evaluate the functionality of PULSE in plants, a new set of vectors 

was first designed and constructed for transformation via Agrobacterium 

tumefaciens with all necessary components in one binary plasmid. The vectors 

comprise a reporter gene under the control of PULSE (POpto), PULSE 

expressed under a constitutive promoter (either PCaMV35S or PAtUbi10), and 

optionally, a constitutively expressed reporter gene as a normalization element 

and a plant selection cassette nptII which confers kanamycin resistance (for a 

full description of all vectors used see Supplementary Table S1 - Appendix 

A).  

N. benthamiana leaves were transformed with a construct having a fluorescent 

protein gene as a reporter (Venus fused to histone H2B for nuclear localization, 

POpto-Venus-H2B) placed under the control of PULSE. The performance of the 

system was analyzed using fluorescence microscopy. Constitutively 

expressed Cerulean-NLS was included as a marker for transformation. 

Infiltrated plants were placed in darkness for 2.5 days prior to illumination with 

red, blue, white light, or dark treatment. Samples were collected at different 

time points for analysis using confocal microscopy (Figure 19a and 

Supplementary Fig. S4 - Appendix A). Plots were generated after determining 

the Venus and Cerulean mean fluorescence intensities in nuclei (Figure 19b). 

An increase over time in the Venus/Cerulean ratio was observed only in 

samples illuminated with red light (28.7-fold induction after 9 h), demonstrating 

expected activation characteristics of the system in planta. Additionally, 
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PULSE control over a β-glucuronidase gene (Popto-GUS) is shown in 

Supplementary Fig. S5 - Appendix A. 

 

Figure 19. Implementation and characterization of PULSE in Nicotiana benthamiana leaves. Plants 

infiltrated with PULSE, POpto-Venus and a constitutively expressed Cerulean cassette (pROF346) were 
kept in dark for 2.5 days prior to light treatment for 2 h, 6 h, 9 h (10 μmol m-2 s-1 of red light, 10 μmol m-2 

s-1 of blue light, simulated white light, or darkness (as described in Supplementary Fig. S7 and Methods 
- Appendix A). (a) Samples were taken at indicated time points for fluorescence confocal microscopy 
observation. (b) Data shown are the ratio of nuclear Venus and Cerulean fluorescence intensities, 

12 ≤ n ≤ 34. The horizontal line in the box represents the median and the statistical significance is 

determined by a one way-ANOVA and Dunnett’s multiple comparison test (**p < 0.01, ***p < 0.001, 
****p ≤ 0.0001, ns not significant). 

In order to show some of the potential applications of PULSE in planta, the 

system was used to induce plant immunity and to conditionally target 

receptors. 

In plants, signal integration of extracellular stimuli is predominantly mediated 

by membrane-resident receptor and transport complexes. To mechanistically 

understand their function, is required non-invasive inducible systems that allow 

transcriptional induction or complex formation with high temporal precision in 

order to reconstitute these functional entities in homologous as well as 

heterologous systems. To test whether PULSE allows the generation of 
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immune-competent leaf epidermal cells, a heterologous pattern recognition 

receptor was introduced. 

In Arabidopsis, the recognition of the bacterial microbe-associated molecular 

pattern (MAMP) elf18 by the plant innate immune EF-Tu Receptor (EFR) 

results in a fast and transient increase in cellular reactive oxygen species 

(ROS) (Zipfel et al., 2006). By contrast, Solanaceae species such as N. 

benthamiana are devoid of EFR and, therefore, unable to perceive the elf18 

peptide. However, genetic transformation of N. bethamiana and tomato 

(Solanum lycopersicum) with AtEFR allows these plants to recognize elf18 and 

confers increased resistance against phytopathogens such as Ralstonia 

solanacearum (Lacombe et al., 2010; Zipfel et al., 2006). 

6.4.1. Optogenetic control of plant immunity 

To achieve optogenetically controlled induction of immunity a EFR-GFP fusion 

protein was expressed under the control of PULSE (POpto-EFR-GFP) in N. 

benthamiana leaf epidermal cells (Figure 20a). Illumination of leaves for 16 h 

with red light resulted in a clear GFP signal at the cell periphery indicating that 

EFR-GFP was successfully localized into the plasma membrane 

(Supplementary Fig. S6 - Appendix A). To test whether optogenetically-

controlled EFR provides susceptibility of these cells towards elf18, 1 μM of the 

elf18 ligand was applied. Indeed, a strong and transient production of ROS 

was observed approximately 10 min after elf18 application in leaves that have 

been red light-treated (red filled circles; Figure 20b). Quantitative assays 

showed 10-fold lower ROS burst triggered in white light-grown plants (black 

filled circles; Figure 20b), demonstrating light-repression by PULSE under 

ambient light conditions. No responses were found in untransformed tissue 

and leaves expressing EFR but incubated in the absence of elf18. These data 

show that PULSE can be used for inducing physiological responses in planta 

in a time-controlled manner. 

6.4.2. Conditional targeting of receptors using nanobodies 

In mammalian cells, receptor complexes have been reconstituted and 

modulated using genetically encoded nanobodies (Gulati et al., 2018; 
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Kirchhofer et al., 2009). Given their small size and their high-affinity binding 

characteristics, nanobodies can be used to selectively target effector proteins 

to receptor complexes, to subcellularly relocalize proteins in a stimulus-

dependent manner or to visualize endogenous proteins using fluorophore-

tagged nanobodies. To test the applicability of PULSE for such experiments, 

the immune receptor EFR was constitutively expressed in N. benthamiana leaf 

epidermal cells and co-transformed a genetically encoded GFP nanobody 

(GFP binding protein, GBP) that binds GFP in plant cells (Schornack et al., 

2009). To monitor receptor targeting, additionally GBP was fused to a mCherry 

fluorophore (GBP-mCherry). As the inducibility of effector delivery to receptor 

complexes will provide the basis for modulating their activity, PULSE provides 

a temporal control over GBP-mCherry expression (POpto-GBP-mCherry) and, 

therefore, conditionally controls nanobody targeting (Figure 20c). While EFR-

deficient cells illuminated with white light did not yield any detectable 

fluorescence, red light-induction of GBP-mCherry resulted in a cytosolic 

localization of the soluble protein. By contrast, red light-induced cells 

constitutively expressing EFR-GFP and co-transformed with POpto-GBP-

mCherry showed an almost exclusive targeting of the fluorescently-tagged 

nanobody to the plasma membrane, indicating efficient binding of the GFP-tag 

by GBP (Figure 20d). This demonstrates the ability to conduct time-resolved 

conditional targeting experiments by using a PULSE/nanobody combination 

allowing precision targeting of receptors and consequently modulating 

receptor complex composition and/or activity in future experiments. 
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Figure 20. In planta optogenetic heterologous induction of immunity and conditional subcellular targeting 

of receptors. (a,b) PULSE-controlled conditional gain of immunity in planta. N. benthamiana leaves were 

infiltrated with PULSE and POpto-EFR-GFP. Two plants were used for each illumination condition. Four 
disks from one leaf of each plant were collected and treated with 1 μM elf18 or mock previous to ROS 

quantification. Data shown are luminescence mean values, SEM (n = 8). (c,d) Conditional targeting of 

receptors by optogenetically controlled expression of a nanobody (GBP-mCherry). The figure shows 
representative results of N. benthamiana leaves infiltrated with PULSE, POpto-GBP-mCherry, and 

PCaMV35S-EFR-GFP and with different illumination treatments prior to observation in the fluorescence 

confocal microscope. As a control, plants were infiltrated with PULSE and POpto-GBP-mCherry. (b,d) 
Plants were kept in standard growth conditions (16 h simulated white light – 8 h dark) for 2 d prior to 

induction with 10 μmol m-2 s-1 red light for additional 16 h (white light illumination was used as control). 

RLU = Relative Luminescence Units. 
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6.5. PULSE characterization in stable transgenic lines 

To test the functionality of PULSE in whole plants, transgenic Arabidopsis lines 

were generated using the plasmids coding for PULSE and POpto-FLuc as a 

reporter. Additionally, a plant selection cassette (KanR) and a constitutive 

RLuc was incorporated into the plasmid. Different versions were engineered 

with either of two constitutive promoters controlling the expression of the three 

light switchable elements of PULSE, either PCaMV35S (BM00654) or PAtUbi10 

(BM00655). A pre-screening to assess expression levels was performed on 

several lines and the ones showing better performance were selected (results 

not shown). Seedlings of homozygous T3 plants were grown in media in a 

multi-well plate for 7 days, were incubated with luciferin and the luminescence 

was quantified while the plate was subjected to different light treatments as 

indicated in Figure 21. Results for three independent PULSE lines (two with 

the PCaMV35S and one with the PAtUbi10 promoters) show different levels of 

expression with activation levels ranging from 10- to 372-fold, depending on 

the choice of promoters driving PULSE expression and the integration event 

of the transgene (Figure 21). For all lines, transfer from simulated white light 

to red light led to activation of expression, and subsequent reversion was 

achieved when the plants were moved back to white light, demonstrating 

reversibility of the system. It was observed that the system remained active 

when transferred from white light to dark probably due to the accumulated 

amount of PhyB at the end of the day and sudden removal of the repressor. 

However, this could be reduced when applying a short far-red pulse before the 

dark cycle, returning to almost FLuc basal levels in the line with PAtUbi10, 

probably due to the lesser amount of photoreceptor accumulated. It is worth 

noting that, contrarily to the lines with PCaMV35S, the line with PAtUbi10 shows a 

decrease of FLuc expression after ca. 10 hours of sustained red light 

treatment. Nonetheless, other independent lines will have to be tested in order 

to exclude integration-dependent behaviour.   

These different dynamic ranges show that the system is functional in 

Arabidopsis whole plants to control the expression of a transgene. It is 
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probably more desirable to have the photoreceptors under the control of a 

weaker promoter, such as PAtUbi10, in order to have a lower amount of the 

photoreceptors and minimum interference with the endogenous PhyB and PIF 

signalling. However, further photobiological experiments need to be carried out 

in follow up work, like hypocotyl elongation, seed germination to evaluate the 

interference. In any case, the performance of the switch and expression levels 

will have to be assessed for each particular gene of interest and application.  

 

Figure 21. PULSE functionality in Arabidopsis plants. Stable Arabidopsis transgenic lines transformed 

with PULSE controlling POpto-FLuc, were seeded in a white 96-well plate with plant growth media. 

Transgenic plants constitutively expressing FLuc and wild type plants were used as positive and negative 
controls, respectively. After 8 d, luminescence determinations in a plate reader started with data points 

taken every hour for over 8 days while the plate was under illumination as indicated. Simulated white 

light (as described in Supplementary Fig. S7 and Methods - Appendix A), red light (10 μmol m- 2 s-1), 
and far-red light (8 μmol m-2 s-1). Three different independent homozygous PULSE lines were tested with 

the components under the control of the CaMV35S – PULSE(PCaMV35S) + POpto-FLuc #4 and #6 – and 

AtUbi10 – PULSE(PAtUbi10) + POpto- FLuc #2 – constitutive promoters. n = 25 – 26 for PULSE lines and n 
= 6 – 7 for the controls. The determinations of six wild type seedlings at each time point were averaged 



Results and discussion – Chapter 3 

 

 

 
81 

and subtracted from the measurements of the lines. Plotted data are averages and SEM. RLU = Relative 
Luminescence Units. 

Other plasmids and transgenic lines were generated but are still under 

characterization (see overview in Table 4). Some lines are aimed at the 

characterization of the system, like those controlling reporter genes FLuc and 

Venus, but others could be used to control processes of the plant such as the 

control of flowering by inducing the expression of FT. Additionally, a driver line 

with PULSE without any gene of interest is being generated for the facilitation 

of the generation of future applications to control the desired gene of interest. 

Table 4. Generated transgenic Arabidopsis lines overview. 

Plasmid POpto-goi Promoters 
PULSE 

Normalization 
cassette Status 

BM00654 FLuc PCaMV35S RLuc 2x homozygous T3 lines 

BM00655 FLuc PAtUbi10 RLuc 1x homozygous T3 line 

pROF346 Venus-H2B PAtUbi10 Cerulean-NLS 1x homozygous T3 line  

pROF405 FT-VP16-
HAtag PAtUbi10 Venus-H2B 1x homozygous T3 line 

pROF415 FT PAtUbi10 Venus-H2B 1x homozygous T3 line 

pROF450 - PAtUbi10 - 1x T2 line 

 

6.6. Discussion  

In conclusion, an optogenetic device for the control of gene expression in 

plants that is non-responsive to ambient illumination conditions and can be 

activated by illuminating with a narrow wavelength spectrum was enineered. 

The novel conceptual approach implements the design of a dual-wavelength 

optogenetic switch combining a blue light-regulated repressor with a red light-

inducible gene expression switch. In this way, PULSE shuts expression off 

under ambient light, and induces transcription under red light.  
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The system showed a high dynamic range in Arabidopsis protoplasts with 

approximately a 400-fold activation (red light vs. darkness), reversibility and 

no toxicity. PULSE is applicable for the targeted study of signalling and 

metabolic networks by, in principle, allowing the control of any endogenous or 

synthetic promoter of interest. This was exemplified with the light-driven 

expression of an Arabidopsis TF, which in turn activates expression of its 

target promoter, or upon the use of the CRISPR/Cas9-derived transcriptional 

activator. In planta, implementation of PULSE demonstrated tight temporal 

control over subcellular conditional protein targeting, and the capability to 

induce immunity in N. benthamiana leaves.  

However, the temporal control depends on the stability of the protein of interest 

(POI). FLuc has a short half-life of 4-5 h (Feeney et al., 2016; Urquiza-García 

and Millar, 2019), so fast dynamics can be observed. If studying, for instance, 

a transcription factor with longer half-life, slower ON-OFF dynamics will be 

observed. Re-engineering the goi to make it more unstable might be desirable, 

for instance by using destabilizing sequences. Likewise, with an unstable POI 

a long light treatment might be needed in order to see an effect. In that case, 

a re-engineering of the gene or a positive transcriptional feedback loop might 

be desirable.  

As a proof-of-principle, it was showed that the system could be implemented 

stably in Arabidopsis to control the expression of a reporter gene, showing 

different expression levels depending on the choice of PULSE promoters and 

the integration of the transgene. The lines showed activation when shifted from 

white to red light and reversibility when switched back to white light. There is 

FLuc expression in the dark that is significantly reduced when a pulse of far-

red is applied prior to the dark cycle, which points that the PhyB(1-650)-VP16 

that has been accumulated and still bound to the E-PIF during the day leads 

to a sudden activation of the system when the repressor is rapidly removed in 

the dark. It could also be that PhyB(1-650)-VP16 has a slower reversion kinetics 

than previously observed in protoplasts. This issue could be solved in the 

future by adding a second step of control over the PhyB module, either placing 

it under the control of a chemical inducible system or another optogenetic 
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switch (similar to the strategy conceptualized in Figure 15). Another possibility 

is to use a mutated PhyB with enhanced dark reversion such as PhyB S86D 

or Y276I (Medzihradszky et al., 2013; Su and Lagarias, 2007). It could also be 

interesting to test different fusions between PhyA and PhyB that confer 

different responses to red light, far-red light, and dark (Oka et al., 2012). 

Despite the future improvement needed, up to date, this is the first example of 

an optogenetic tool controlling gene expression applied in planta, opening up 

many opportunities in the field of plant sciences.
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In this work, different optogenetic switches that contribute to the expansion of 

the toolbox to control gene expression in plant cells and plant tissue was 

shown. The first steps towards the application of optoswitches in stable 

transformed plants have also been made. 

The use of plant protoplasts from the leaves of Arabidopsis thaliana has 

proven useful in the screening and quickly assessment of the performance of 

optogenetic switches. It is fast and robust and provides quantitative data that 

can be used for mathematical modelling that can aid in future experimental 

design or even in the development of new switches. It is a good method to use 

for testing in iterations, following the “Design-Build-Test” doctrine of synthetic 

biology. 

Three different switches controlled by green, blue and red light were 

implemented and characterized in protoplasts, expanding the available tools 

to control gene expression in plant systems. Notwithstanding, the application 

is, at the moment, only in plant cells. However, these could be optimized in the 

future for their application in planta. Additionally, the red light-controlled dCas9 

is, to date, the first inducible Cas9-based tool inducible by red light and could 

be applied in the future to manipulate synthetic and endogenous signalling 

pathways. These tools could be fundamental components in the design of 

novel multi-chromatic gene control systems. 

Finally, a tool that is suitable for application in planta by designing a dual 

chromatic switch was developed. This tool, termed PULSE, was characterized 

in Arabidopsis protoplasts and applied to control transcription factors and to 

activate promoters by controlling dCas9. The system was also applied to 

Nicotiana leaves for controlling plant immunity and conditional subcellular 

targeting of receptors. The first steps towards their implementation in 

Arabidopsis stable lines have shown promising results as well.  

This work reflects the ground-breaking opportunities for plant fundamental and 

biotechnological fields provided by optogenetics. Due to the quantitative 

modulation, spatiotemporal resolution and the reversible control capabilities 

provided, the generalized application of PULSE could facilitate in the future the 
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targeted manipulation and study of biological processes including plant 

development, metabolic engineering, hormone perception and signalling, and 

stress responses. Such tools will play a part in developing “smart plants” that 

could have desired functionalities, for instance towards controlling flowering, 

the development of sensor plants or the bioproduction of compounds with 

therapeutical interest.
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    Chapter 9   

 Optogenetics in Plants: Red/Far-Red Light Control 
of Gene Expression                     

     Rocio     Ochoa-Fernandez    ,     Sophia     L.     Samodelov    ,     Simon     M.     Brandl    , 
    Elke     Wehinger    ,     Konrad     Müller    ,     Wilfried     Weber    , and     Matias     D.     Zurbriggen      

  Abstract 

   Optogenetic tools to control gene expression have many advantages over the classical chemically inducible 
systems, overcoming intrinsic limitations of chemical inducers such as solubility, diffusion, and cell toxicity. 
They offer an unmatched spatiotemporal resolution and permit quantitative and noninvasive control of the 
gene expression. Here we describe a protocol of a synthetic light-inducible system for the targeted control 
of gene expression in plants based on the plant photoreceptor phytochrome B and one of its interacting 
factors (PIF6). The synthetic toggle switch system is in the ON state when plant protoplasts are illumi-
nated with red light (660 nm) and can be returned to the OFF state by subsequent illumination with far- 
red light (760 nm). In this protocol, the implementation of a red light-inducible expression system in 
plants using Light-Emitting Diode (LED) illumination boxes is described, including the isolation and 
transient transformation of plant protoplasts from  Arabidopsis thaliana  and  Nicotiana tabacum .  

  Key words     Plant synthetic biology  ,   Plant optogenetics  ,   Red light-inducible gene expression system  , 
  Plant leaf protoplasts  ,    Arabidopsis thaliana   ,    Nicotiana tabacum   

1       Introduction 

  Inducible gene expression         systems in plants are essential to study cel-
lular processes, to control target gene expression with minimal or no 
interference to developmental or growth processes, and for effi cient 
large-scale biopharmaceutical production. Spatial control of gene 
expression in plants has traditionally been achieved by the use of tis-
sue-specifi c promoters. This leads to highly specifi c spatial gene 
expression, however, once such an expression cassette has been 
implemented, the promoters can no longer be exogenously con-
trolled [ 1 ]. Likewise, classical chemically inducible systems offer tem-
poral control over gene expression in plants (such as ethanol- or 

 The original version of this chapter was revised. The erratum to this chapter is available at: 
DOI   10.1007/978-1-4939-3512-3_28     
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dexamethasone-inducible systems [ 2 ]) but do not fulfi ll key require-
ments of inducible gene expression systems. This is due to the intrin-
sic limitations of chemical inducers like solubility, diffusion, inability 
to revert induction without washing steps,  inducer- removal in sam-
ple processing and pleiotropic effects, limiting their application in 
vitro and in vivo and their use in long-term treatments [ 1 ,  3 ]. Light 
as a  stimulus  overcomes these limitations, offering advantages such as 
reversibility, fast reactivity, and minimal  cell toxicity  , therefore allow-
ing a precise control of gene expression in a quantitative and nonin-
vasive manner, with both high spatial and temporal resolution. 

 Several light-responsive gene expression systems have been 
developed for gene control with UVB, blue, or red light and 
adapted for use in mammalian cell culture and in vivo in animals 
(reviewed in [ 4 ,  5 ]). However, the application of these optogenetic 
tools in plants has not yet taken root, mainly due to the fact that 
light is essential for plant growth and development, therefore hav-
ing pleiotropic effects. Thus far, only a red/far-red light-inducible 
system has been applied to plants [ 6 ], in principle due to its ability 
to revert between ON and OFF states with two different  wave-
lengths  . In this sense, this toggle switch system is unique and dif-
fers from the rest of the optogenetic tools based on photoreceptors 
which can be activated by light of one wavelength but can only 
revert to the basal, inactive state nonphotochemically, with shut off 
 kinetics   depending on their photobiological properties (dark rever-
sion). The red/far-red light-inducible system is based on the  pho-
toreceptor   Phytochrome B (PhyB) and phytochrome-interacting 
factor 6 (PIF6) from  Arabidopsis  thaliana. This system  is   a split 
transcription factor in which the components interact in a light- 
dependent manner. It is based on three constructs: (1) PIF6 
(amino acids 1–100) fused to the mphR(A) (macrolide repressor 
DNA-binding protein E) and a  nuclear localization sequence 
(NLS)  ; (2) PhyB (amino acids 1–650) fused to the  Herpes simplex  
VP16 transactivation domain and an NLS; and (3) multiple repeti-
tions of an etr motif (cognate binding site of the E protein), placed 
upstream of a CMV minimal promoter followed by a reporter 
gene, e.g. fi refl y  luciferase   (Fig.  1a , Table  1 ). Upon exposure to red 
light, PhyB changes its conformation by  photoisomerization   of the 
covalently bound  chromophore  ,       phytochromobilin (PФB).    The 
activated form of PhyB (P fr ) binds to PIF6 and the VP16 domain 
is then recruited to the etr motif in close proximity to the minimal 
promoter, activating transcription of the reporter gene. The PhyB- 
PIF6 association is readily reversed upon exposure to far-red light, 
when PhyB changes its conformation to the inactive form (P r ) 
resulting in the termination of reporter gene expression (Fig.  1b ).

    Here we describe a protocol for a light-inducible expression 
system that is activated by red light and deactivated by far-red light 
to control gene expression in leaf protoplasts of   Nicotiana taba-
cum    and   Arabidopsis thaliana   . The control of gene expression with 
high resolution in time and space overcomes intrinsic limitations of 
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existing systems and facilitates novel applications including the 
precise interrogation of complex biological signaling processes in a 
quantitative and noninvasive manner.  

2    Materials 

 Prepare all solutions using double distilled water and p.a. purity 
grade chemicals. Use plant cell culture tested reagents for plant 
growth and protoplast isolation media. Prepare and store all 
reagents at 4 °C unless indicated otherwise. 

       1.    SCN ( S eedling  C ulture  N icotiana) (modifi ed from [ 7 ]): 0.32 % 
(w/v) Gamborg B5 basal salt powder with vitamins  (bioWORLD, 
GeneLinx International, Inc., USA), 4 mM MgSO 4 ·7H 2 O, 
58.4 mM sucrose  a     nd 0.15 % (w/v) gelrite. Mix and adjust to 

2.1  Plant Growth

  Fig. 1    Design of  the   red light-controlled gene expression system in plants. ( a ) 
Confi guration of the vectors. ( b ) Mode of function. Upon exposure to red light 
(660 nm), PhyB changes  its   conformation to its active form (P fr ) that  allows   the 
binding to PIF6 and therefore recruitment of the transactivator to the minimal 
promoter, fi refl y  luciferase   is expressed as a consequence. Under far-red (760 
nm) light  illumination,   PhyB is converted to its inactive form (P r ), PhyB-PIF6 dis-
associates, thus ceasing the transcription of the reporter gene       
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pH 5.8 and autoclave. After autoclaving, add 0.1 % (v/v) of 
Gamborg B5 Vit Mix (bioWORLD) and pour 50 ml of the 
medium into each Magenta Plant Culture Box ( see   Note 1 ).   

   2.    SCA ( S eedling  C ulture  A rabidopsis) (modifi ed from [ 8 ]): 0.32 
% (w/v) Gamborg B5 basal salt powder with vitamins (bio-
WORLD), 4 mM MgSO 4 ·7H 2 O, 43.8 mM sucrose and 0.8 % 
(w/v) phytoagar in H 2 O. Mix and adjust to pH 5.8. Autoclave 
and add 0.1 % (v/v) Gamborg B5 Vit Mix (bioWORLD) then 
pour 50 ml of the medium into each Magenta Plant Culture 
Box; or alternatively add 1:2000 ampicillin and pour 50 ml of 
the medium into each 12 cm square plate ( see   Note 1 ).   

   3.    Seed sterilization solution  for    A. thaliana  (modifi ed from [ 9 ]): 
5 % (w/v) calcium hypochlorite, 0.02 % (v/v) Triton X-100 in 
80 % (v/v) EtOH. Combine the chemicals in a bottle and mix 
for few hours at room temperature. A precipitate will form. 
Place the bottle to 4 °C for storage. Allow the precipitate to 
settle and do not agitate the bottle before use.   

   4.    Seed sterilization solution for tobacco: 5 % active chlorine from 
NaOCl solution (12 % active chlorine stock solution), 0.5 % 
(v/v) Tween 20 in autoclaved H 2 O. Sterilize with a 0.22 μm 
fi lter. Prepare fresh prior to each use.   

   5.    Parafi lm.   
   6.    Syringe and 22 μm fi lter.   
   7.    Ampicillin stock (100 mg/ml).      

  
     1.    MMC ( M ES,  M annitol,  C alcium) [ 8 ]: 10 mM MES, 40 mM 

CaCl 2 ·H 2 O, add mannitol until obtaining an osmolarity of 550 
mOsm (ca. 85 g/l). Adjust to pH 5.8 and fi lter sterilize.   

   2.    F-PIN ( F ast  P rotoplast  I ncubation  N icotiana) (modifi ed from 
[ 7 ]): 10 mM MES, 0.32 % (w/v) Gamborg B5 basal salt pow-
der with vitamins (bioWORLD), 0.38 M sucrose. Adjust to 
pH 5.8 and fi lter sterilize.   

   3.    Enzyme solution stock 5 % (10× concentrated): cellulase 
Onozuka R10 and macerozyme R10 (SERVA Electrophoresis 
GmbH, Germany) in F-PIN or MMC. Weigh 10 g of cellulase 
and 10 g of macerozyme and dissolve in F-PIN solution or 
MMC (preheated to 37 °C) to a total volume of 200 ml H 2 O 
( see   Note 2 ). Sterile fi lter the solution with a bottle-top fi lter 
into a sterile bottle and make aliquots of 2 ml. Store at −20 °C, 
avoid thaw–refreeze cycles.   

   4.    MSC ( M ES,  S ucrose,  C alcium) [ 8 ]: 10 mM MES, 0.4 M 
sucrose, 20 mM MgCl 2 ·6H 2 O, add mannitol until obtaining 
an osmolarity of 550 mOsm (ca. 85 g/l). Adjust to pH 5.8 
and fi lter sterilize.   

   5.    W5 solution (modifi ed from [ 10 ]): 2 mM MES, 154 mM 
NaCl, 125 mM CaCl 2 ·2H 2 O, 5 mM KCl, 5 mM glucose. 
Adjust to pH 5.8 and fi lter sterilize.   

2.2  Protoplast 
Isolation and PEG 
Mediated Protoplast 
Transformation
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   6.    MMM ( M ES,  M annitol,  M agnesium) [ 8 ]: 15 mM MgCl 2 , 5 
mM MES, mannitol to 600 mOsm (ca. 85 g/l). Adjust to pH 
5.8 and fi lter sterilize.   

   7.    PEG solution: Mix 2.5 ml of 0.8 M mannitol, 1 ml of 1 M 
CaCl 2  and 4 g PEG 4000  and 3 ml H 2 O. Made fresh for each 
experiment. Not fi ltered, prepare fresh and place the tube at 
37 °C for PEG dissolution, then use directly.   

   8.     PCA   ( P rotoplast  C ulture  A rabidopsis)       (modifi ed from [ 8 ]): 
0.32 % (w/v) Gamborg B5 basal salt powder with vitamins 
(bioWORLD), 2 mM MgSO 4 ·7H 2 O, 3.4 mM CaCl 2 ·2H 2 O, 5 
mM MES, 0.342 mM  l -glutamine, 58.4 mM sucrose, glucose 
550 mOsm (ca. 80 g/l), 8.4 μM Ca-panthotenate, 2 % (v/v) 
biotin from a biotin solution 0.02 % (w/v) in H 2 O (warm up 
the biotin solution to dissolve). Adjust to pH 5.8 and fi lter 
sterilize, add 0.1 % (v/v) Gamborg B5 Vitamin Mix and 
1:2000 ampicillin to the PCA before use.   

   9.    Scalpel.   
   10.    Disposable 100 μm and 40–70 μm pore size sieve (Greiner 

bio-one international, Germany).   
   11.    Petri dish 94 × 16 mm.   
   12.    Parafi lm.   
   13.    200 μl and 1 ml large orifi ce pipette tips.   
   14.    Round-bottom 15 ml Falcon tubes.   
   15.    Rosenthal cell counting chamber.   
   16.    Nontreated 6-, and 12-, or 24-well plates.      

  
     1.    660 and 760 nm light-emitting  diode   (LED) illumination 

boxes.     

 In brief, the LED illumination boxes are custom-made boxes 
of PVC that exclude external light and at the same time allow gas 
exchange. The light boxes contain panels of LEDs (Roithner 
Lasertechnik GmbH, Austria) of one or several  wavelengths  . In 
addition, the irradiation intensity and illumination schemes can be 
set by using a programmable control unit (for full description see 
[ 11 ] and [ 12 ]). As an example,       such a box is shown in Fig.  2 . The 
light box is composed of three parts: a base for placing the cell 
culture plate, the walls, and the lid where the LEDs of specifi c 
emission wavelengths are built-in. In this protocol, boxes equipped 
with either red (660 nm) or far-red (760 nm) LEDs were used.

     
     1.    Costar ®  96-well fl at-bottom white plate.   
   2.    Firefl y  luciferase   substrate: 20 mM tricine, 2.67 mM 

MgSO 4 ·7H 2 O, 0.1 mM EDTA·2H 2 O, 33.3 mM DTT, 0.52 
mM  ATP  , 0.27 mM acetyl-CoA, 0.47 mM  d -luciferin (Biosynth 
AG), 5 mM NaOH, 264 μM MgCO 3 ·5H 2 O, in H 2 O. Prepare 

2.3   Illumination   
Treatment

2.4  Luminescence 
Reporter Assay
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a beaker with a magnetic stirrer and add the components in the 
order as above, then add the luciferin and H 2 O and mix the 
solution, proceed with the addition of the last two components 
(NaOH and MgCO 3 ·5H 2 O). Adjust to pH 8, aliquot the sub-
strate in precooled black Falcon tubes and freeze them at −80 
°C ( see   Note 3 ).       

3    Methods 

         1.    Seed sterilization should be done in 1.5 ml tubes in a sterile 
working hood. For large-scale seed sterilization, fi ll tubes to a 
maximum of approximately 250 μl volume. Avoid sterilizing a 
larger volume in a single tube, as results (effi ciency) may vary.   

   2.    Rinse seeds multiple times with 80 % (v/v) ethanol until all 
large dirt and other plant particles are removed.   

   3.    Sterilize the seeds with 1 ml of the  A. thaliana  sterilization 
solution under agitation for 10 min.   

3.1  Seed 
Sterilization and Plant 
Material

3.1.1    Arabidopsis 
thaliana    (Wild Type, 
Columbia-0)

  Fig. 2     LED    illumination   box. ( a ) Illumination box for one cell culture plate. ( b ) Opened illumination box. The LEDs 
are located in the lid of the box. ( c ) Three components of the light box       
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   4.    Remove the solution and replace with 1 ml of 80 % (v/v) 
EtOH. Incubate 5 min under agitation.   

   5.    Repeat  step 4  but incubating for 2 min.   
   6.    Replace the solution with 1 ml absolute ethanol (≥99.5 %) and 

incubate for 1 min under agitation.   
   7.    Remove all ethanol and let the seeds dry completely under the 

sterile hood.   
   8.    Add autoclaved water and plate in a line on autoclaved fi lter 

paper strips (200–300 seeds/strip) placed on 12 cm square 
plates containing  SC     A medium and seal with parafi lm. Multiple 
strips may be placed in one plate. Alternatively, place 1–16 
seeds, evenly dispersed, in a Magenta Box containing 50 ml 
SCA medium.   

   9.    Place the plates in a growth chamber with a 16 h light regime at 
22 °C. Two- to three-week old plantlets from 12 cm square 
plates can be used for protoplast isolation. Three- to four- 
week old plants grown in Magenta boxes can be used for proto-
plast isolation.      

  
     1.    Incubate the desired number of seeds with 1 ml of seed steril-

ization solution for tobacco for 5 min at room temperature 
under agitation. Large-scale seed sterilization for  N. tabacum  
has not been tested, due to the small amount of seeds necessary 
when growing plants in Magenta boxes.   

   2.    Remove the solution (centrifuge if necessary to sediment the 
seeds) and rinse the seeds 3–4 times with 1 ml of H 2 O in the 
same manner.   

   3.    Place one or two seeds in the middle of a Magenta Box contain-
ing 50 ml SCN medium. When more than one seed germinates, 
the seedlings must be separated to different boxes (around day 
4–6 after germination) in order to have only one plant per box 
for optimal growth.   

   4.    Place the Magenta boxes in a  growth   chamber with a 16 h light 
regime at 22–25 °C (plants will grow faster at higher tempera-
tures). Leaves from 2- to 3-week old plants can be used for 
protoplast isolation.       

  
  A.    thaliana    and  N.    tabacum    protoplast isolation per fl otation and 
polyethylene glycol-mediated transformation were performed as 
described before ([ 8 ] and [ 13 ], respectively) with a few alterations. 
All pipetting is done with wide orifi ce tips to avoid damaging the 
protoplasts. Preferentially use medium acceleration and lowest 
deceleration settings for the centrifugation steps (140 s accelera-
tion and 300 s deceleration according to DIN58970).

    1.    Cut the tobacco leaves in 1 mm strips with the abaxial surface 
facing up starting from the middle lamella with a sterile scalpel 

3.1.2    Nicotiana tabacum  
cv   Petit Havana

3.2  Protoplast 
Isolation 
and Polyethylene 
Glycol-Mediated 
Transformation
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( see   Note 4 ). Finely slice the plant leaves of  A. thaliana  with 
 the      scalpel in 2 ml of MMC ( see   Note 5 ).   

   2.    Transfer the cut leaf material into a new Petri dish containing 
9 ml F-PIN (tobacco) or 7 ml of MMC ( A. thaliana ).   

   3.    Proceed with the enzymatic digestion of cut plant material by 
adding 1 ml of 10× enzyme stock solution (the fi nal concen-
tration of each enzyme should be 0.5 %).   

   4.    Seal the dish with parafi lm and cover it with aluminum foil. 
Incubate overnight (12–16 h) in the dark at 22 °C.   

   5.    Carefully homogenize the digested leaf material by pipetting 
the leaf-enzyme mixture up and down to release the proto-
plasts from the plant material.   

   6.    Pass through  a   disposable 100 μm (tobacco) or 40–70 μm ( A. 
thaliana ) pore size sieve.   

   7.    Transfer the fi ltered protoplast solution to 15 ml round bot-
tom Falcon tubes. One tube should be used for each plate of 
digested leaf material. The remaining steps should be com-
pleted in these tubes.   

   8.    For  A. thaliana , centrifuge the fi ltered protoplast solution in 
round bottom Falcon tubes at 100 ×  g  for 10–20 min to sedi-
ment the protoplasts. Remove supernatant and resuspend in 
10 ml of MSC. For tobacco protoplasts, centrifugation is not 
necessary, as the fl otation of protoplasts can be done directly 
in the F-PIN solution.   

   9.    Very carefully overlay 10 ml of protoplast solution with 2 ml 
of MMM ( see   Note 6 ).   

   10.    For  A. thaliana  protoplasts, centrifuge for 10 min at 80 ×  g  for 
accumulation of  the      protoplasts at the interphase of MSC and 
MMM. For tobacco protoplasts, instead of centrifugation, 
incubate the tubes at room temperature for 20–30 min, in 
which time the protoplasts will fl oat to the interphase of F-PIN 
and MMM ( see   Note 7 ).   

   11.    Collect the protoplasts at the interphase and transfer into a 
new Falcon tube with 7 ml of W5 solution. For each fl oatation 
tube to be used, prepare two W5-fi lled collection Falcon 
tubes. Multiple rounds of protoplast collection can be done (if 
necessary overlay again with MMM) until no further proto-
plasts fl oat to the interphase or enough protoplasts are 
obtained.   

   12.    Centrifuge the collected protoplasts for 10 min at 100 ×  g  to 
pellet and resuspend in a defi ned volume of W5 for counting 
( see   Note 8 ).   

   13.    Determine the cell density using a Rosenthal cell counting 
chamber.   
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   14.    Sediment the protoplasts by centrifuging for 5 min at 80 ×  g . 
Discard supernatant and adjust with MMM solution to a den-
sity of 5 × 10 5  cells/ml for tobacco and 5 × 10 6  cells/ml  for    A. 
thaliana .   

   15.       (a)     For the transformation of tobacco protoplasts, prepare 50 
μg of DNA in H 2 O ( see   Note 9 ) in a round bottom Falcon 
tube and add 1 ml of the protoplasts in MMM. Carefully 
mix by pipetting and incubate for 5 min.   

   (b)     For  A. thaliana  protoplasts, prepare 15–30 μg of DNA in 
H 2 O ( see   Note 9 ) adjusted to a maximum volume of 20 μl 
(volume adjustment with MMM). Transfer the 20 μl DNA 
solution to the rim of a well of a 6-well culture plate 
(slightly tilt the plate for easier pipetting in the following 
steps). Dispense 100 μl of the protoplast solution to each 
well with DNA and mix by gentle pipetting. Incubate for 
5 min.       

   16.       (a)     For  tobacco   protoplast transformation, add 1 ml PEG 4000  
solution to the protoplasts in a drop-wise manner with a 
tip-in-tip method while slowly rotating the Falcon tube 
( see   Note 10 ). After 8 min ( see   Note 11 ), consecutively 
add 1, 2, 3, and 4 ml of W5 per minute to the tube as a 
 stepwise      dilution of the transformation, and gently tilt the 
tube after each step for mixing.   

   (b)     For  A. thaliana  protoplast transformation, gently shake 
the 6-well plate from side to side to distribute the proto-
plasts and DNA along the rim before directly adding 120 
μl of PEG 4000  solution drop-wise, tip-in-tip. Do not mix 
after the addition of PEG. Incubate for 8 min ( see   Notes 
11  and  12 ) and quickly add 120 μl of MMM and, directly 
afterwards, at least 1.2 ml of PCA. Gently mix by tilting 
the plate after the addition of PCA (fi nal volume should be 
at least 1.6 ml).       

   17.    Only for tobacco, sediment the cells at 5 min at 80 ×  g , discard 
the supernatant and resuspended in at least 1.6 ml PCA.   

   18.    After transformation, if only one condition is to be tested, 
leave the  A. thaliana  protoplast suspension in a well of a 6-well 
plate. In the case of tobacco protoplasts transfer the 1.6 ml 
from the tube into a well of a 6-well plate. 
 If more than one condition is to be tested, split the protoplasts 
in different plates according to the number of light conditions 
to be assayed. The volume pipetted to each well in the new 
plates will depend on the number of replicates per condition. 
      Considering that 25,000 protoplasts (see below) will be used 
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for each measurement (80 μl protoplast suspension), it follows 
that for 6 replicates 150,000 protoplasts are needed, amount-
ing to 480 μl protoplast suspension. Scale down to 12- or 
24-well plate to avoid high evaporation rates. Seal the plate(s) 
with parafi lm.    

    
     1.    After transformation of the protoplasts, illuminate the plates 

with the appropriate  wavelength   (i.e. 660, 760 nm) and inten-
sity of light with LED arrays, or incubate in the dark prior to 
reporter quantifi cation. The spectra of the LEDs and the radia-
tion intensity can be determined with a spectroradiometer (e.g. 
AvaSpec-ULS2048-USB2 FC/PC and FC-UVIR200-2-ME-
1FCPC, Avantes, Netherlands).     

 As an example, Fig.  3a  shows time-course and dose-
response curves for the red light- inducible gene expression   sys-
tem. Protoplasts were isolated from  A.    thaliana    plantlets and 
10 μg of each plasmid (pMZ827, pMZ828 and pROF100) 
were transformed into the protoplasts. Several transformations 
were made in parallel (22 transformations) and after transfor-
mation all the protoplasts were pooled. Aliquots of 3.5 ml of 
the protoplasts suspension were transferred into one well of 
seven different 6-well plates (one plate for each illumination 
condition). The luminescence determination was made for each 
condition at different points in time (0, 6, 12, 18, and 24 h). As 
a dark control, 1 ml of protoplast suspension was transferred 
into one well of four different 24-well plates. In this way, a 
single plate per time point was used and accidental exposure of 
the plate to ambient light avoided. The results of the  kinetics   
and expression levels of the red light-inducible system in  A. 
thaliana  protoplast depicted in Fig.  3a  indicate between 1 and 
4 μE/m 2 /s as optimal illumination conditions for maximum 
expression rates. The highest expression levels are achieved at 
24 h but a better dynamic range (399 and 395 × fold induction) 
is obtained at 18 h of gene expression for 2–4 μE/m 2 /s red-
light intensities (Fig.  3b ). It is, however, recommended to 
adjust the protocol to the application of interest.

     2.    To determine reporter expression, fi rst gently mix the proto-
plast suspension with the pipette and transfer 80 μl (25,000 
protoplasts) into a Costar ®  96-well fl at-bottom white plate, 
including 4–6 replicates for each condition ( see   Note 13 ).   

   3.    Add 20 μl of fi refl y  luciferase   substrate and monitor the lumi-
nescence in a plate reader [ 14 ]. 10 s of shaking plate  for   homo-
geneous substrate availability and directly luminescence 
measurement for 20 min  kinetics   (interval of 2 min) are 
advisable.    

3.3   Illumination   
Treatment 
and Reporter Assay
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  Fig. 3    Time- and dose-response curves of  the   red light  inducible gene expression   system in protoplasts of  A. 
thaliana . Protoplasts from  A.    thaliana    were transformed for red light–inducible fi refl y  luciferase   expression 
(pMZ827, pMZ828, and pROF100). After transformation, 3.5 ml aliquots of protoplast suspensions containing 
approximately 1.09 × 10 6  protoplasts, were illuminated either at different intensities of 660 nm (0.5, 1, 2, 4, 8, 
and 16 μE/m 2 /s), at 760 nm (17 μE/m 2 /s) light, or were kept in the dark as a control. ( a ) Samples were taken at 
the indicated points (0, 6, 12, 18, and 24 h after transformation) and fi refl y luciferase expression was determined. 
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4       Notes 

     1.    Prepare the plates or Magenta Plant Culture boxes directly 
after autoclaving because the gelrite and phytoagar will not 
dissolve upon reheating.   

   2.    Both enzyme extracts are not to be inhaled and are poorly 
soluble. For these reasons: solve under a fume hood by adding 
10 ml of prewarmed (37 °C) MMC/F-PIN to each bottle 
directly, shake, and pour into beaker and rinse bottles repeat-
edly. Fill beaker to 200 ml. The solution will not be clear, 
should, however, be a clear brown after fi ltration.   

   3.    For certain solutions, a stock solution can be prepared in 
advance; however, tricine, DTT,  ATP  , and acetyl-CoA should 
be prepared fresh. From the addition of DTT on, all steps 
should be performed under a fume hood. Moreover, luciferin 
is sensitive to light, oxygen, and high temperature so that from 
its addition on, the preparation should be performed in dark-
ness and as quickly as possible. Due to the high price of acetyl- 
CoA, it is also preferable to purchase this substrate in small 
amounts (50 mg for the preparation of 200 ml of fi refl y  lucif-
erase   substrate) and use the entire content in a single prepara-
tion of substrate to avoid freeze–thaw cycles and waste.   

   4.    Choose healthy leaves not showing nutritional defi ciency, 
chlorosis, or mechanical damage.   

   5.     A.    thaliana    plant material grown in plates should be carefully 
cut from the plate with a scalpel in a way that avoids including 
roots and seeds, and should then be cut fi nely into small pieces. 
When cutting the plant material from Magenta Plant Culture 
Boxes, take only the leaves and either cut them in strips as 
described for tobacco or slice them fi nely. Sterile featherweight 
forceps are helpful in holding  A. thaliana  leaves from Magenta 
boxes to be cut in strips without infl icting damage to them.   

   6.    Gentle inversion of the tube before adding the MMM solution 
slowly helps for a clear separation of phases. For addition of 
MMM use a tip-in-tip technique i.e. placing a smaller tip into 
the tip of a bigger tip for a slow solution dispense.   

   7.    Collecting the fi rst band of protoplasts at the interphase after 
10–15 min increases the speed of protoplast fl oatation.   

   8.    Protoplasts will not be successfully pelleted if the collection 
tube contains less W5 than MMM.   

Fig. 3 (continued) The graph shows  the      reporter luminescence values at different time points and different 
 illumination   conditions. ( b ) Reporter luminescence values after 18 h expression at the indicated light intensi-
ties. Data are means ± SEM ( n  = 6 technical replicates)       

Optogenetic Control of Gene Expression in Plants



 

 

xvi 

 

138

   9.    DNA amounts mentioned in the protocol are total amounts of 
DNA. When more than one plasmid is used, the amounts of 
each plasmid  mus     t be adjusted proportionally, keeping the 
total DNA amount constant. Purify the plasmid DNA using 
midiprep or maxiprep kits and check the quality of the plasmid 
DNA by agarose gel electrophoresis (e.g. RNA content).   

   10.    If the PEG has sedimented to the bottom of the tube, mixing 
by gently tilting the tube will be necessary.   

   11.    The duration of PEG treatment is critical in the transforma-
tion; the suggested 8 min treatment leads to high transforma-
tion effi ciency in our experience.   

   12.    Gently shaking the plate side to side before PEG addition 
avoids the aggregation of protoplasts.   

   13.    It is recommended to pipette the protoplasts in the following 
order: 660 nm (highest to low intensities)—760 nm—dark, as 
the system is rapidly activated by ambient light. Due to the 
sensitivity of the system, it is also recommended to work in a 
darkroom with green safelight emitted by LEDs (~520 nm). 
Green light  illumination   at  moderate   intensities does not lead 
to noticeable activation of PhyB.         
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ABSTRACT: The ever-increasing complexity of synthetic gene
networks and applications of synthetic biology requires precise
and orthogonal gene expression systems. Of particular interest are
systems responsive to light as they enable the control of gene
expression dynamics with unprecedented resolution in space and
time. While broadly used in mammalian backgrounds, however,
optogenetic approaches in plant cells are still limited due to
interference of the activating light with endogenous photo-
receptors. Here, we describe the development of the first
synthetic light-responsive system for the targeted control of
gene expression in mammalian and plant cells that responds to
the green range of the light spectrum in which plant photoreceptors have minimal activity. We first engineered a system based on
the light-sensitive bacterial transcription factor CarH and its cognate DNA operator sequence CarO from Thermus thermophilus
to control gene expression in mammalian cells. The system was functional in various mammalian cell lines, showing high
induction (up to 350-fold) along with low leakiness, as well as high reversibility. We quantitatively described the systems
characteristics by the development and experimental validation of a mathematical model. Finally, we transferred the system into
A. thaliana protoplasts and demonstrated gene repression in response to green light. We expect that this system will provide new
opportunities in applications based on synthetic gene networks and will open up perspectives for optogenetic studies in
mammalian and plant cells.

KEYWORDS: optogenetics, light-responsive gene expression, green light, CarH, AdoB12, plants

Inducible gene switches are core innovations in synthetic
biology that enable the programming of cellular function.1,2

Such programming has provided novel opportunities in
functional genomics3 as well as in drug discovery4 but has
also enabled the implementation of smart biomaterials5 or the
design of closed loop-controlled gene and cell therapeutic
networks.6,7 Inducible gene expression technology in mamma-
lian cells was pioneered by antibiotic-responsive gene
switches8−10 and has rapidly expanded in the inducer spectrum.
Gene activity can now be controlled in response to different
drugs, metabolites, quorum-sensing messengers or, more
recently, in response to light of a specific wavelength.11−14

Light as inducer offers control opportunities with unmatched
resolution in space and time. Such optogenetic switches are
based on wiring plant- or bacteria-derived photoreceptors to
genetic control elements to activate or repress transcription in
animal cells in response to UVB, blue, red or far-red light
(www.optobase.org).13 While such control is now routine in
mammalian cells, the application of optogenetic strategies in

plant cells lags behind15 as it is still limited by the endogenous
plant photoreceptors that would be cross-activated by the
inducing light and thereby might yield off-target signaling
responses.16,17 One opportunity to foster the potential of
optogenetics in plants, however, would be the design of a green
light-responsive gene switch, as plant photoreceptors show
reduced activity in this part of the light spectrum.18 In this
work, we describe the development and characterization of the
first green-light-responsive gene switch in mammalian and plant
cells. This work extends the toolbox for optogenetic control in
mammalian cells and opens opportunities for targeted genetic
interventions in plant cell backgrounds. The system is inspired
by a naturally occurring defense mechanism found in Gram-
negative bacteria such as Myxococcus xanthus and Thermus
thermophilus to protect themselves against photo-oxidative
stress.19−21 In those organisms, CarH, a light-responsive

Received: December 12, 2017
Published: April 10, 2018

Research Article

pubs.acs.org/synthbioCite This: ACS Synth. Biol. 2018, 7, 1349−1358

© 2018 American Chemical Society 1349 DOI: 10.1021/acssynbio.7b00450
ACS Synth. Biol. 2018, 7, 1349−1358



 

 

xx 

 

transcription factor, regulates the expression of a carotenogenic
gene cluster. CarH activity and light-sensitivity is dependent on
the coenzyme, 5′deoxyadenosylcobalamin (AdoB12). In dark-
ness, AdoB12-linked CarH binds to the DNA operator CarO as
a tetramer leading to repression of the carotenogenic target
genes. Upon illumination, the Co−C bond in AdoB12 is
disrupted by photolysis,22 which triggers disassembly and
release of the tetramer from CarO thus derepressing gene
expression.22,23 Recently, a light-responsive fibroblast growth
factor receptor24 (FGFR) and a light-tunable polymer matrix25

based on this light-inducible CarH dissociation have been
constructed. As AdoB12 features an absorption peak in the
green region of the light spectrum (525 nm),26 we
hypothesized that the system could be used for the
implementation of a green-light-responsive gene expression
system. We engineered the light-responsive CarH-CarO
interaction to control gene expression in different mammalian
cell lines. We quantitatively characterized the performance of
the system by the development and parametrization of a
mathematical model. We finally demonstrated the utility of the
system for light-regulated gene expression in plant protoplasts.
The green light-responsive gene expression system in

mammalian cells consists of two constructs (Figure 1a). The

first one encodes the CarH protein fused to the Herpes simplex
virus-derived VP16 transactivation domain27 to be expressed
under the control of the constitutive simian virus 40 promoter
(PSV40). The second one is a reporter plasmid composed of a
multimeric CarO sequence upstream of the minimal human
cytomegalovirus promoter sequence (PhCMVmin) controlling the
expression of a gene of interest, here the secreted alkaline
phosphatase (SEAP) reporter gene. Transfection of the
constructs into mammalian cells, followed by supplementation

with AdoB12 in the dark, leads to the formation of CarH-VP16
tetramers binding to the CarO sequence. VP16 will recruit the
transcription initiation complex to start RNA polymerase II-
dependent SEAP expression (Figure 1b). However, upon green
light exposure, CarH-VP16 tetramers dissociate and release
CarO, which terminates SEAP expression (Figure 1b).
Although only produced by microorganisms, AdoB12 is
essential for many metabolic processes in mammals and
hence, mammalian cells are capable of both AdoB12 import
and conversion of biologically inactive forms of B12 into
AdoB12.28,29

To analyze the functionality of the system in mammalian
cells, a first proof-of-principle experiment was performed using
the activator CarH-VP16 and the reporter CarO2, containing
two consecutive repeat sequences of the DNA operator,
upstream of the minimal promoter mediating SEAP expression.
The light insensitive E-OFF system,30 consisting of the
activator E-VP16 binding to the DNA operator ETR, upstream
of a minimal promoter mediating SEAP expression, was used as
control to analyze possible effects of AdoB12 and green light on
gene expression. Human embryonic kidney 293 (HEK-293)
cells were transfected with the corresponding activator and
reporter plasmids. Twenty-four hours post-transfection the
culture medium was supplemented (when indicated) with 10
μM AdoB12. Cells were kept in the dark or exposed to green
(525 nm) light (5 μmol m−2 s−1) for another 24 h, before
measuring SEAP production (Figure 2). Cells transfected with

the ETR reporter plasmid only expressed SEAP in the presence
of the corresponding activator E-VP16. Neither the addition of
AdoB12 nor illumination resulted in significantly changed
SEAP production. Cells transfected with the CarO2 reporter
plasmid only expressed SEAP in the presence of CarH-VP16
upon supplementation with AdoB12 and cultivation in the dark.
Exposure to green light, however, reduced SEAP production
73-fold to levels observed in negative controls (without CarH-
VP16).
However, maximum SEAP production levels of the CarH-

based system (147 U L−1) were still lower than the ones
obtained using the well-established E-system (450 U L−1),
which prompted us to evaluate different optimization strategies.

Figure 1. Design of the green-light-responsive gene expression system.
(a) Molecular components of the expression system. The activator
plasmid encodes the DNA binding protein CarH fused to the Herpes
simplex transactivation domain VP16 under the control of the
constitutive simian virus 40 promoter (PSV40). The reporter plasmid
is composed of multimeric CarO sequences upstream of a human
cytomegalovirus-derived minimal promoter (PhCMVmin) controlling
expression of secreted alkaline phosphatase (SEAP). The light-
sensitivity of the system is conferred by the chromophore AdoB12.
(b) Mode of function. In the dark, CarH-VP16 bound to AdoB12
forms tetramers that bind CarO thereby recruiting RNA polymerase II
(Pol II) and activating SEAP expression. Exposure to green light leads
to photolysis of AdoB12 what triggers destabilization of CarH
tetramers and the release of CarO thereby deactivating SEAP
expression.

Figure 2. Proof of principle experiment showing the functionality of
the green light-responsive gene expression system in mammalian cells.
HEK-293 cells were transfected with reporter (CarO2, pCVC034;
ETR, pWW37) and activator (CarH-VP16, pHB144; E-VP16,
pWW35) plasmids as indicated. After 24 h cells were supplemented
with 10 μM AdoB12 where indicated (+) and either kept in dark
(black bars) or exposed to 525 nm light (5 μmol m−2 s−1, green bars)
for another 24 h. SEAP production was determined from cell culture
supernatants. Data are means ± Stdev (n = 3).
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The system involves three main components: CarH-VP16,
CarO and AdoB12. Any of these components could be
modified/adjusted to optimize gene induction characteristics.
We hypothesized that the fusion to VP16 might impact CarH
activity and that the addition of wild type CarH might
overcome such issues, for example, by the formation of
heterotetramers. To analyze this possibility, we supplemented

CarH-VP16 with wild type CarH, in different ratios. The
results, however, revealed that SEAP activity was maximal in
cells transfected with 100% CarH-VP16, indicating that free
CarH did not have beneficial effects on gene expression
characteristics (Figure 3a). Next, in order to determine an
optimized promoter configuration we varied the number of
CarO sequences in the reporter plasmid. The experiments

Figure 3. Optimization of the green-light-responsive gene expression system. (a) Impact of the number of CarO repeats and the CarH/CarH-VP16
ratio on SEAP activity. HEK-293 cells were transfected with reporter plasmids containing an increasing number of CarO repeats (CarO2, pCVC034;
CarO4, pCVC035; CarO8, pCVC036) and with different amounts of expression plasmids for CarH-VP16 (pHB144, indicated in %) completed to
100% with plasmid pCVC025 for expression of CarH. After 24 h cells were supplemented with 10 μM AdoB12 and either kept in the dark (black
bars) or exposed to 525 nm light (5 μmol m−2 s−1, green bars) for another 24 h. SEAP activity was determined from cell culture supernatants. (b)
Impact of AdoB12 concentration on SEAP activity. HEK-293 cells were transfected with plasmids pCVC036 (CarO8) and pHB144 (CarH-VP16).
After 24 h, the concentrations of AdoB12 indicated were added followed by 24 h cultivation in the dark or under 525 nm light prior to measurement
of SEAP activity. Data are means ± Stdev (n = 3).

Figure 4. Characterization of the green light-responsive expression system in different mammalian cell lines and for different illumination
wavelengths. (a) Human embryonic kidney cells (HEK-293), human cervix carcinoma cells (HeLa), mouse fibroblasts (NIH/3T3), and African
green monkey kidney fibroblast-like cells (COS-7) were transfected with plasmids pCVC036 (CarO8) and pHB144 (CarH-VP16). After 24 h cells
were supplemented with 10 μM AdoB12 and either kept in dark (black bars) or exposed to 525 nm light (green bars). After 24 h, SEAP activity was
determined. (b) Response to light of different wavelengths. The following illumination regimes were used: UVB (cycles of pulsed 311 nm light, 0.8
μmol m−2 s−1 for 2 min followed by 48 min dark); blue light (460 nm, 4 μmol m−2 s−1); green light (525 nm, 5 μmol m−2 s−1); red light (660 nm, 8
μmol m−2 s−1); far-red light (740 nm, 80 μmol m−2 s−1). Data are means ± Stdev (n = 3).
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revealed that increasing the number of operator sequences, and
thus of binding sites for CarH-VP16, led to a higher activation
of the system, reflected by an increased SEAP production
(Figure 3a). Doubling the number of operator sites from two to
four resulted in a 2-fold increase in SEAP production; adding
another four CarO operators resulted in a further 1.4-fold
increased SEAP production. Finally, we analyzed the impact of
AdoB12 concentration. We found that 10 μM AdoB12 were
sufficient for complete activation of the system (Figure 3b). To
conclude, the optimized system consists of a reporter plasmid
containing an octameric CarO8 operator, the light-regulated
activator CarH-VP16, and supplementation of the cell culture
medium with 10 μM AdoB12. In HEK-293 cells, this
configuration showed to be very tightly repressed under
green light and could be induced by up to 350-fold in
darkness. These experimental conditions were used throughout
the subsequent experiments. We next evaluated the suitability
of the system for green light-responsive gene expression in
different human-, mouse- and monkey-derived cell lines. We
observed high induction levels, suggesting cross-species
applicability of this expression control strategy (Figure 4a).
However, there were differences in absolute SEAP production
values. Such cell line-dependent differences are commonly
observed with inducible expression systems and can be
attributed to several cell-dependent factors, such as transfection
efficiency, cell line-specific promoter strength or interference
with endogenous signaling pathways.30−33 Next, we analyzed

the responsiveness of the CarH system to illumination
wavelengths and intensities commonly used in other opto-
genetic systems.34 To this end, we evaluated SEAP production
in response to UVB (311 nm), blue (460 nm), red (660 nm),
and far-red (740 nm) light. Whereas illumination in the red
spectrum did not affect CarH-dependent gene expression, blue
and UVB light reduced SEAP production (Figure 4b). This
cross-reactivity can be explained by the photolysis of AdoB12
also at shorter wavelengths.22 These data further demonstrate
that the CarH system could be used in combination with red
light-responsive optogenetic systems33,35,36 for the orthogonal
control of cellular processes and that red light can be used as
safe light when handling the system.
To enable predictable and reliable application of green light-

responsive gene expression, we next performed a detailed
quantitative characterization of the system’s performance. To
characterize the early stages of reporter expression, we
quantified mRNA expression levels with RT-qPCR in the
presence of 20 μM AdoB12 for 48 h (Figure 5a). In the dark
and after an initial lag-phase of approximately 1 h, SEAP mRNA
levels increased rapidly and reached a maximum of approx-
imately 270-fold induction after 24 h and stagnated afterward.
In parallel, we determined SEAP protein production kinetics in
the dark and under green light (Figure 5b). While gene
expression remained at background levels under 525 nm light,
cultivation in the dark resulted in continuously increasing SEAP
levels. We further hypothesized, that one limiting factor of the

Figure 5. Quantitative characterization of the green-light-responsive expression system. In all experiments HEK-293 cells were transfected with
plasmids pCVC036 (CarO8) and pHB144 (CarH-VP16). After 24 h cells were supplemented with the indicated concentrations of AdoB12 and
cultivated for another 48 h using the indicated illumination schemes prior to determining SEAP mRNA or protein production. (a) Time course of
SEAP mRNA production. (b) Time course of SEAP protein production. (c) Impact of different light intensities on gene expression. 525 nm light was
used at the indicated intensities and SEAP production was quantified after 24 h. In panels a−c the points represent individual data values from
triplicate measurements. The curves represent the model fit to the data, and the shaded error bands are estimated by an error model with a constant
Gaussian error. (d) Validation of the model predictions. Model-based prediction of SEAP production kinetics for the indicated illumination schemes
(assuming 20 μM AdoB12 addition at t = 0). The shaded bands indicate the 95% prediction confidence interval. The black arrows indicate the
change in illumination conditions. The data points represent results from triplicate validation experiments using the indicated experimental
conditions.
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system could be the availability of AdoB12. Indeed, while SEAP
protein production in the presence of 10 μM AdoB12 showed
comparable early stage dynamics as for 20 μM, the SEAP
production rate declined after approximately 30 h. This decline
can be attributed to AdoB12 degradation as time-course
experiments revealed a half-life time for AdoB12 of 22.6 ± 4.9 h
in a cell culture environment (Supplementary Figure 1). This
suggests that higher initial AdoB12 concentrations or a
resupplementation of the cofactor would be required for
longer experiments. Next, we analyzed the adjustability of the
system in response to increasing light intensities (Figure 5c).
Maximum expression levels were reached in the dark, whereas
very low light intensities (0.1−0.3 μmol m−2 s−1 corresponding
to 2.3−6.8 μW cm−2) resulted in intermediate expression
values. At light intensities of 5 μmol m−2 s−1 gene expression
was in the low off state.
To obtain quantitative insight into the systems character-

istics, we developed a mathematical model and inferred kinetic
parameters from the experiments described above (Figure
5a,b,c and Supplementary Figure 1). We based the model on
the following ordinary differential equations:
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The model describes the temporal evolution of the
concentrations of the relevant molecules. The first three
equations capture the dynamics of AdoB12 and CarH-VP16
(denoted as CarH). AdoB12 degrades linearly and binds with
CarH-VP16 to the CarH-VP16_AdoB12 complex (denoted as
CarH_B12). CarH-VP16 is produced at a constant rate by the
constitutive promoter PSV40 and degraded by first order kinetics.
It is further inactivated by 525 nm light at a rate proportional to
the light intensity, I(t). The production of the target mRNA is
induced by the active CarH-VP16_AdoB12 complex with a
Hill-function. To represent transcription and mRNA transport
out of the nucleus, mRNA synthesis is modeled in two steps.
The resulting mRNA is degraded linearly and translated into
the SEAP protein at the rate ktl,SEAP. The growth of cell number
(N) is described by a logistic growth curve with the specific
growth rate kgrowth and the maximal cell count Nmax. Plasmid
dilution in transient transfections is covered by the factor gene
dose (GD), which is inversely proportional to the number of
cells. A detailed description and derivation of the mathematical
model is presented in the Supporting Information. The
unknown model parameters were estimated from experimental
data by utilizing a maximum likelihood approach, which follows
the strategy described by Müller et al.34 For the calibration, we
used the time course data shown in Figure 5a (SEAP mRNA
time course) and Figure 5b (SEAP protein time course), the
light dose−response data depicted in Figure 5c, AdoB12 dose−
response data (Supplementary Figure 1a), as well as stability
measurements of AdoB12 (Supplementary Figure 1b). The
measuring error (shaded bands) was captured by an error
model with a constant Gaussian error that was estimated
simultaneously with the dynamical parameters. To assess the
uncertainty of the estimated parameter in terms of their 95%

Figure 6. Characterization of the green light-responsive expression system in A. thaliana protoplasts. Reporter plasmids with increasing number of
CarO repeats (CarO2, pROF250; CarO4, pROF251; CarO8, pROF252) were transformed in a 3:1 molar ratio over the CarH-VP16 expression
plasmid pROF254. After transformation, protoplasts were supplemented with AdoB12 to a final concentration of 20 μM. After cultivation in the dark
or under 525 nm light (5 μmol m−2 s−1) luciferase activity was determined. Data are means ± SEM (n = 6). RLU: relative luminescence units.
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confidence intervals the parameter profile likelihood was
evaluated.37 The analysis was performed with the Data2-
Dynamics framework38 (see Supporting Information for details
on the parameter estimation and uncertainty analysis).
We finally analyzed whether the model can be applied to

predict gene expression profiles as a function of the
illumination regime. We simulated SEAP production profiles
in the dark (I(t) = 0) and under green light (I(t) = 5 μmol m−2

s−1), and when swapping the illumination conditions after 24 h.
The model prediction revealed a high reversibility of the
system: after 24 h illumination under 525 nm light no
significant activation was expected, whereas transferring the
system to the dark initiated SEAP production (Figure 5d, blue
curve). On the other hand, turning on the green light after 24 h
stopped SEAP production (Figure 5d, red curve). The
prediction uncertainties in terms of their 95% confidence
intervals (Figure 5d) were inferred by propagating the
uncertainty of the estimated parameters.39 We next validated
these predictions by performing the corresponding experi-
ments. This experimental validation (Figure 5d, single data
points) confirmed the model simulations thus demonstrating
the predictive power of the quantitative model.
Following this comprehensive characterization of the green-

light-responsive gene expression system in mammalian cells, we
finally evaluated its suitability for controlling gene expression in
plant cells. This would open the possibility of using optically
induced gene expression in plant cells with reduced interference
by endogenous plant photoreceptors primarily inducing
signaling responses upon light in the UV-B, blue, and red
parts of the spectrum.16,17 For this purpose, we reengineered
the constructs for use in plant backgrounds by cloning CarH-
VP16 under the control of a constitutive CaMV35S promoter
and by replacing SEAP by the firefly luciferase reporter. We
transformed protoplasts isolated from Arabidopsis thaliana with
the plasmid coding for CarH-VP16 and with reporter
constructs harboring two, four, or eight CarO operator sites.
After transformation, AdoB12 was added to a final concen-
tration of 20 μM and cells were either illuminated for 24 h with
525 nm light (5 μmol m−2 s−1) or kept in the dark. Assaying
luciferase activity revealed increasing luminescence values with
an increasing number of CarO operators (Figure 6). In

alignment with the data obtained in mammalian cells, the
reporter with eight CarO operator sites resulted in the highest
absolute activity and fold-repression (ca. 16-fold) in response to
525 nm light illumination. These data demonstrate that the
green light-responsive gene expression system is also functional
in plant cells.
In this work, we describe the development and character-

ization of the first green-light-responsive gene expression
system functional in mammalian and plant cells. The
quantitative characterization of the systems performance using
the mathematical model enables the in silico-based, rational
design of expression profiles as demonstrated in the validation
of the model predictions. This will strongly facilitate the
application of this system for programming desired expression
profiles. The green light-responsive-system requires the
chromophore AdoB12. While potentially representing a
limitation for future use in whole plants as they do not
synthesize the cofactor, this dependence however is highly
favorable in mammalian and plant cell culture as it enables the
engineering of the biological system under ambient light while
avoiding the inadvertent activation of CarH. The light-
responsive properties can subsequently be conferred by the
addition of AdoB12 that is readily taken up by mammalian and
plant cells. The functionality of the system in plant protoplasts
represents an important step toward the application of
optogenetic systems in plant backgrounds. As plant photo-
receptors are minimally responsive to green light, it is possible
to achieve the orthogonal control of transgene activity with
minimized cross-activation of endogenous light-responsive
pathways. The synthetic switch based on CarH bridges the
gap of wavelengths of use by adding green light to the existing
systems in mammalian cells sensitive to UV-B, blue, red, and
far-red light (see www.optobase.org)13 and complements the
red light-inducible gene expression switch in plant protoplasts
previously reported15,40 expanding the optogenetic toolbox for
studies in plant cells. With these properties taken together, we
believe that our expression system will foster advances in
fundamental and application-oriented synthetic biology and
optogenetics.

Table 1. continued
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■ METHODS

DNA Cloning. The expression vectors were assembled by
Gibson and AQUA41 cloning. The resulting DNA sequences
are indicated in Table 1.
Mammalian Cell Culture and Transfection. Human

embryonic kidney cells (HEK-293, ATCC CRL-1573), human
cervix carcinoma cells (HeLa, ATCC CCL-2), mouse
fibroblasts (NIH-3T3, ATCC CRL-1658), and African green
monkey fibroblast-like cells (COS-7, ATCC CRL-1651), were
cultivated in DMEM-complete medium (Dulbecco’s modified
Eagle’s medium (PAN, cat. no. P04-03550) supplemented with
10% fetal calf serum (FCS, PAN, cat. no. P30-3602, batch no.
P101003TC) and 1% penicillin/streptomycin (PAN, cat. no.
P06-07100)). Cells were transfected using a polyethylenimine
(PEI)-based method as described before.34 The expression
vector encoding the activator CarH-VP16 (pHB144) was used
in 4-fold excess (w:w) over the respective reporter plasmids
(pCVC034/035/036). Unless indicated otherwise, after 24 h,
the medium was replaced with fresh medium supplemented
with 10 μM AdoB12 (Sigma, cat. no. C0884-10 mg). All
experimental procedures after the addition of AdoB12 were
carried out under safe red LED light (660 nm). After 1 h
cultivation in the dark, the cells were illuminated with green
LED light (525 nm; 5 μmol m−2 s−1) unless indicated
otherwise.
Protoplast Preparation and Transformation. Protoplast

of Arabidopis thaliana were isolated from one to two-week old
plantlet leaves (plants grown in a 23 °C, 16 h light−8 h dark
regime) using the floatation method and the plasmids were
transferred by polyethylene glycol-mediated transformation as
described before.42,40 Mixtures of the different plasmids as
described in the figures to a final amount of 30 μg DNA
(reporter plasmids pROF250/251/252 were added in a 3:1
molar ratio over the plasmid encoding CarH-VP16 pROF254)
were used to transform 500 000 protoplasts in a final volume of
1.6 mL. After transformation, protoplasts were divided in
aliquots of ca. 78 000 cells prior to the addition of AdoB12 to a
final concentration of 20 μM, and subsequent illumination with
green LED light (525 nm, 5 μmol m−2 s−1) or incubation in
dark for 24 h.
RNA Isolation and Real-Time Quantitative PCR

Analysis. Cells were harvested at the indicated points in
time and lysed for 5 min in 600 μL of peqGOLD TriFast
(Peqlab/VWR, cat. no. 30-2010). Total RNA was isolated
according to the manufacturer’s instructions (Peqlab) and RNA
integrity was validated by gel electrophoresis. Phenol/guanidin-
isothiocyanat-based RNA isolation does not exclude plasmid
DNA from the RNA fraction.43 Accordingly, RNA samples of 5
μg were treated with DNase I for 30 min at room temperature,
followed by purification with the RNA Clean & Concentrator
kit (Zymo Research, R1013). cDNA was synthesized from 500
ng of total RNA using the First Strand cDNA Synthesis Kit
(Thermo Fisher, K1612). To this end, total RNA was first
mixed with both random hexamer and oligo (dT)18-primers,
incubated at 65 °C for 5 min and rapidly cooled to 4 °C.
Synthesis of cDNA was conducted for 5 min at 25 °C, 60 min
at 37 °C and terminated at 70 °C for 5 min. Quantitative PCR
was performed directly with 0.5 μL of cDNA with the Absolute
qPCR SYBR Green ROX Mix (Thermo Scientific, #AB-1162/
B) in a total volume of 20 μL and in a qTOWER 2.0/2.2 device
(Analytik Jena). For relative quantification of gene expression
of SEAP, primers oNS092 (5′-CATGGACATTGACGT-

GATCCT-3′) and oNS093 (5′-CACCTTGGCTGTAGTCAT
CTG-3′) were used at final concentrations of 70 nM. For
normalization, the reference gene beta-actin (ACTB) was
amplified with the primers oNS100 (5′-CCCTGGAGAA-
GAGCTACGAG-3′) and oNS101 (5′-TCCATGCCCAG-
GAAGGAAG-3′). Each time-point was measured with three
biological replicates in three repeats. Accumulation of the PCR-
product was measured after every cycle for 40 cycles. The
specificity of the amplification products was subsequently
validated with both melting profiles and by gel electrophoresis.
Furthermore, negative controls were included, in which the
reverse transcriptase was omitted during cDNA synthesis to
validate that residual plasmid DNA did not interfere with the
sensitivity of the assay. Cq values were obtained with the
qPCRsoft V3 software (Analytik Jena). PCR amplification
efficiencies were determined as 100% with standard curves and
relative expression levels were accordingly determined with the
ΔΔCq method.

Analytics. SEAP activity was determined in the cell culture
medium using a colorimetric assay as described previously.44

Firefly luciferase activity was determined in whole protoplasts
as detailed elsewhere.42,40 AdoB12 degradation was determined
by seeding 0.3 × 106 HEK-293 cells mL−1 and adding 10 μM
AdoB12. The decrease in AdoB12 concentration was followed
by measuring the absorption spectrum of the cell medium every
hour for 40 h. The AdoB12 concentration was calculated
according to the height of its absorption peak at 525 nm,
normalized with the absorption of medium lacking the cofactor.
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1. Derivation of the mathematical model  
 

In the following, the mathematical model of the green light-responsive gene expression system is 

derived. The model is based on a set of ordinary differential equations (ODE) describing the temporal 

evolution of the concentrations of the relevant species. The unknown model parameters are estimated 

from experimental data using a maximum likelihood-based approach. The model strategy chosen is 

similar to the modeling of the light-inducible gene switches published in1–3.  

 

The model equations are: 

 
! !"#$!" (!)

!"
= −! !!"#,!!" !"#$12 − !!"#$,!"#$_!!" !"#$ !"#$12     (1) 

! !"#$ (!)

!"
= !" !!"#$,!"#$ − !!"#,!"#$ !"#$ − !!"#$,!"#$_!!" !"#$ !"#$12     (2) 

! !"#$_!!" (!)

!"
= −!!"#,!"#$ !"#$_!12 + !!"#$,!"#$_!!" !"#$ !12 − !!""!(!)[!"#$_!12] (3) 

! !"#$_!!"!"" (!)

!"
= !!""!(!)[!"#$_!12]         (4) 

! !"#$! (!)

!"
= !" !!"#"$,!"#$ + !!",!"#!

!"#$_!!"
!

!
!,!"

!
! !"#$_!!" !

− !!"#$%&&,!"#$ !"#$1    (5) 

! !"#$! (!)

!"
= !!"#$%&&,!"#$[!"#$1] − !!"#,!"#$ !"#$2       (6) 

! !"#$ (!)

!"
= !!",!"#$ !"#$2  !         (7) 

!"(!)

!"
= !!"#$%! ! 1 −

!

!!"#

          (8) 

with !" =

!

!
  

 

The first three equations describe the dynamics of the concentrations of AdoB12 and CarH-VP16 

(denoted as CarH). AdoB12 is supplied to the cells in the cell culture medium at the start of each 

experiment. It is degraded by the cells with a linear rate, which is proportional to the number of cells N. 

AdoB12, together with CarH, forms the complex CarH-AdoB12 (denoted as CarH_B12). In the 

mathematical model this complex formation process is described by mass action kinetics with the 

binding rate constant, !!"#$,!"#$_!!". The CarH_B12 complex is assumed as stable; therefore, no 

dissociation rate is included in the model. CarH is produced at a constant rate !!"#$,!"#$  by the 

constitutive promoter PSV40. To capture the dilution of the PSV40 promoter due to cell growth, we 

included a factor for the gene dose GD, which is just the inverse of the number of cells, N. CarH is 

degraded linearly with the rate constant, !!"#,!"#$. For the sake of simplicity, the degradation of the 

CarH_B12 complex is modeled with the same rate constant, !!"#,!"#$.  

 

Illumination of the system with green light of intensity, I(t), leads to the deactivation of CarH_B12 with a 

rate proportional to I(t). The transcription of the target gene mRNA is induced by CarH_B12. This is 

modeled by using the Hill function: 
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 !!",!"#$
!"#!!!"

!

!
!,!"

!
! !"#!!!"

!
  

 

The exponent of two captures cooperative binding effects, since CarH binds as tetramers to the CarO 

operator sites. The parameter !!"#"$,!"#$ in eq. (5) captures the basal promoter activity. As for CarH, 

the production rate of the target mRNA is proportional to the gene dose GD. In order to capture the 

duration of the synthesis of the mRNA, the transcription of the mRNA is modeled with two steps. The 

resulting mRNA, denoted with mRNA2, is degraded linearly with the rate constant, !!"#,!"#$. The 

target protein SEAP is translated with a rate proportional to the mRNA concentration. Since SEAP is 

secreted to the cell culture medium by the cells its production is also proportional to the number of 

cells, N. Due to the high stability of SEAP its degradation rate is neglected. The growth of cell number 

(N) was modeled with a logistic growth curve with the growth rate !!"#$%& = 2.04 ×10!! h-1 which 

corresponds to a doubling time of 34 hours. The maximum number of cells (Nmax) was set to twice the 

initial cell number.   

 

 

2. Parameterization of the model by fitting to experimental data 
 

2.1 Maximum likelihood estimation 

To introduce the maximum likelihood estimation, we briefly repeat the approach as described in Müller 

et al.2. The mathematical model and the observation function can be written in the following scheme: 

 

    !! !

!"
= !(! ! ,!(!),!)               

    ! ! = ! ! ! , ! + !(!).  

 

The first equation is the system of ordinary differential equations written in vectorized form. The vector 

! !  contains the dynamical states, which describe the temporal evolution of the concentrations of the 

involved substances. ! is the vector of the dynamical parameters and the function !(!) describes time 

dependent external inputs; i.e., the intensity I(t) of the applied green light. The second equation 

contains the observation function ! ! ! , ! , which links the internal states ! !  to the experimental 

observations ! ! . !  are scaling parameters and !(!)  is the measurement noise. For solving the 

system the initial concentrations !(0)  of the internal states are required. The vector of initial 

concentrations can also depend on the dynamical parameters !; e.g., when the system is assumed to 

be in a steady state at the start of the experiment.  

 

The measurement errors are captured with an error model with a constant Gaussian error !!~!(0,!!!) 

with the variance !!!. 

 

With this error model, we can calculate the likelihood function for a single experiment j: 
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!! !! !! =

1

2! !! !

!

!!!
!! ! !!,!! ,!

!

! !
!

!

!!"#"

!!!

 

The vector !! = (!,!! 0 , !!,!!) of all parameters depends on the conditions of the experiment j. 

!! = !!! , !!! ,… , !!!
!"#" !

 is the vector of the measured data in the experiment j at the time points !!.  

The overall likelihood for multiple experiments is the product of the single likelihoods !!  over all 

experiments 

! !|! =  !! !! !!

!!"

!!!

. 

! !|!  is the probability of the measured data ! given the parameters !. The aim of a maximum 

likelihood estimation is to find the parameter set ! that maximizes the likelihood function ! !|!  

      !!"# = argmax
!

!(!,!) . 

 

Instead of maximizing the likelihood function ! !|!  it is equivalent to minimize χ! = −2 log (!). For 

Gaussian distributed errors χ! = −2 log !  is the sum of squared residuals with a second sum due to 

the error model: 

χ
!(!, !) = res!"#",!

!
+ res

!""#",!

!

!!

 

Minimizing  χ!(!, !)  

     !!"# = arg min
!

 χ!(!, !)   
is equivalent to a least squares problem. 

 

To determine the parameter uncertainties in terms of confidence intervals we used the approach 

introduced by Raue et al.4 and calculated the profile likelihood for each parameter !! 

χ!"
!

!! = min!!!!
χ
!(!, !). 

 

The numerical integration of the ODE was performed with CVODES5. For optimization we used a trust 

region algorithm implemented in MATLAB (lsqnonlin)6 with user-supplied sensitivities, which were 

calculated together with the ODE system. To improve convergence and scan the parameters over 

orders of magnitude the optimization was performed in logarithmic parameter space. To find the global 

optimum we performed multiple optimization runs with initial parameter guesses chosen from a latin 

hypercube sampling of the parameter space. The mathematical modeling was performed with the 

Data2Dynamics modeling environment.7 

 

 

2.2 Implementation of the single experiments 
In this section, we describe the single experiments utilized to calibrate the mathematical model. To this 

end, we define the experimental conditions, observation functions and initial concentrations for the 
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single experiments. The model was fitted to five independent experiments. If not stated otherwise, we 

used the following initial concentrations for the state variables: 

 

 !"#$12 0 = !"#$%_!"!"12  

 !"#$ 0 =  !!"#$,!"#$
!!"#,!"#$

  

 !"#$_!12 0 = 0  

             !"#$_!12!"" 0 = 0  

 !"#$1 0 =

!!"#"$,!"#$

!!"#$%&&,!"#$

  

 !"#$2 0 = !"#$1 0
!!"#$%&&,!"#$

!!"#,!"#$

=

!!"#"$,!"#$

!!"#,!"#$

  

 !"#$ 0 = 0  

 ! 0 = 1  

 

The initial concentration of AdoB12 was set to the concentration that was supplied to the medium at 

the beginning of the corresponding experiment. At the time point zero CarH is assumed to be in its 

steady state without any AdoB12. For the same reason CarH_B12 is set to 0 at the time point zero. 

For the calculation of these steady states we assume that the cell growth is on a much slower time 

scale than the dynamics of the production and degradation of CarH. The concentrations of the two 

mRNA states are also set to their steady state values without CarH_B12.  The initial amount of the 

target protein SEAP in the medium is assumed to be zero at time point zero. The cell growth is only 

considered on a relative scale. Therefore, we set the number of cells at time point zero to 1.  

 

 

Experiment 1: Kinetics on mRNA level 

In this experiment, the activation kinetics was determined by measuring the mRNA of the target 

protein SEAP in the dark with an AdoB12 input concentration of 20 µM. Additionally, the system was 

examined under illumination with green light (I(t) = 5 µmol m-1 s-1) with an AdoB12 concentration of 20 

µM. 

 

As observation function we used: 

 

  [!"#$
!,!"#$%&"'] = !"#$2 ! .  

 

This means, this experiment determines the unit of the simulated mRNA concentrations. Since the 

mRNA was measured in multiples of its initial value, the unit of the mRNA in the model corresponds to 

a fold change. 

 

The measurement error was modeled with a constant Gaussian error with the standard deviation 

!!!"#$,!"#$, which was estimated simultaneously with the dynamical parameters. The experimental 

data and the model fit are shown in Figure 5a. 
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Experiment 2: Kinetics on protein level 

In this experiment, the activation kinetics was determined by measuring the target protein SEAP in the 

dark with AdoB12 input concentrations of 10 and 20 µM. Additionally, the system was examined under 

illumination with green light (I(t) = 5 µmol m-1 s-1) with an AdoB12 concentration of 10 µM. As 

observation function we used: 

 

  [!"#!
!,!"#$%&"'] = !"#$ ! .  

 

This means, this experiment determines the unit of the simulated SEAP concentrations.  

 

The measurement error was modeled with a constant Gaussian error with the standard deviation 

!!!"#$, which was estimated simultaneously with the dynamical parameters. The experimental data 

and the model fit are shown in Figure 5b. 

 

Experiment 3: Light intensity dose response 

In this experiment, we measured the response of the system to different intensities of green light. For 

this purpose, the system was set up with an AdoB12 input concentration of 10 µM and cultivated 

under illumination with green light with different intensities. After 24 h, the amount of SEAP in the 

medium was determined. As observation function we used: 

 

 [!"#!!"#$%&"'] = !"#$%!"#!!,!"  ∙ !"#$ ! = 24 ℎ .  

 

The measurement error was modeled with the same constant Gaussian error with the standard 

deviation !!!"#$, as used in experiment 1. The experimental data and the model fit are shown in 

Figure 5c. 

 

Experiment 4: AdoB12 dose response 

In this experiment, the response of the system to different AdoB12 input concentrations was 

measured. For this purpose, the system was supplied with AdoB12 and cultivated in the dark. After 24 

h the resulting amount of SEAP in the medium was determined. As observation function we used 

 

 [!"#!!"#$%&"'] = !"#$!!!",!" ∙ !"#$ ! = 24 ℎ . 

 

The measurement error was modeled with the same constant Gaussian error with the standard 

deviation !!!"#$, as used in experiment 2. 

 

Additionally, the system was set up without the pHB144 plasmid, which is required for the production 

of the protein CarH-VP16. Therefore, the parameter !!"#$,!"#$ is set to zero for this experimental 
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condition. Additionally, the measurement error was modeled with a constant Gaussian error with the 

standard deviation !!!"#$,!",!"#$ . The experimental data and the model fit are shown in Supplementary 

Figure 1a. 

 

Experiment 5: AdoB12 stability 

The purpose of this experiment is to determine the stability of AdoB12. To this end, the system was 

set up without the plasmid pHB144, which is required for the production of the protein CarH-VP16. In 

the beginning of the experiment, 10 µM AdoB12 was added to the cell culture medium and the system 

was cultivated in the dark, to measure the concentration of AdoB12 in the medium at different time 

points. As observation function we used: 

 

 [!"#$12
!,!"#$%&"'] = !"#$12 ! . 

 

The measurement error was modeled with a constant Gaussian error with the standard deviation 

!!!!", which was estimated simultaneously with the dynamical parameters. The experimental data 

and the model fit are shown in Supplementary Figure 1b. 

 

2.3 Results of the parameter estimation 
 
The green light model has in total 17 free parameters, which were inferred from 159 data points. We 

performed 1,000 optimization runs with randomly sampled initial parameter guesses. Each parameter 

was sampled from 10-5 to 10+3, which are eight orders of magnitude. The best parameter set !!"# was 

found 315 times, which is a strong indication that we identified the global optimum.  

 

The analysis of the profile likelihood suggests that 14 parameters are identifiable by the experimental 

data, whereas three parameters are experimentally non-identifiable (Supplementary Figure 2a).  

 

The profile for the parameter kform,CarH_B12 shows that the formation of CarH_B12 happens on a very 

fast time scale, which cannot be resolved by the measured data. This practical non-identifiability can 

be resolved by a model reduction which models CarH_B12 in quasi steady state8. However, this 

reduction is not performed here, since the calculation of the corresponding quasi steady state requires 

the solution of quadratic equations, which would complicate the comprehensible model formulation.  

  

The likelihood profiles of the practical non-identifiable parameters Km,tc and koff are coupled. Simulating 

the model trajectories for the parameter sets along the likelihood profile of Km,tc, shows that the 

concentration scale of the CarH_B12 complex is not identifiable (Supplementary Figure 2b). This non-

identifiability can be resolved by fixing Km,tc, since this parameter has the same unit as the CarH_B12 

complex. 
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3. Model validation  
 

For the calibration of the model, we used only experiments with light conditions did not change over 

time. To test the predictive power of the model, we performed experiments with swapping light 

conditions. To this end, the green light-responsive system was supplied with 20 µM AdoB12. 

Subsequently, the system was cultivated in the dark and under green light (I(t) = 5 µmol m-1 s-1). After 

24 h the light conditions were switched. The calibrated mathematical model was used to simulate the 

SEAP time course over 50 h for these light conditions. To translate the uncertainties of the estimated 

parameters to prediction uncertainties, we used the approach proposed by Raue et al.9, which 

simulates the predicted SEAP time courses for all parameter sets along the profile likelihood of each 

parameter. The predicted time course of SEAP is shown in Figure 5d, the shaded bands indicate the 

prediction uncertainty, by propagating the 95 % parameter confidence interval.  

 

The model prediction was validated experimentally. To link the validation data with the predicted time 

courses, we used the observation function  

 

 [!"#!
!,!"#$%&"'] = !"#$!!"#$,!"#$%"&$'( ∙ !"#$ ! . 

 

The scaling parameter was estimated from the validation data to !"#$!!"#$,!"#$%"&$'( = 1.016. The 

validation data are in agreement with the model simulations, which demonstrates the predictive power 

of the mathematical model. 
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Supplementary Figure 1. Dose-response characteristics and stability of AdoB12. (a) Dose-response 

characteristic of the green light-responsive system to different concentrations of AdoB12. The dose 

response of the full system is shown black and the dose response of the system without the plasmid 

pHB144 is shown in red. (b) Stability of AdoB12 in the absence of pHB144. (a,b) The points denote 

the measured data points. The curves represent the model fit to the data. The shaded error bands are 

estimated by an error model with constant Gaussian error and denote one standard deviation. 
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Supplementary Figure 2. Identifiability analysis utilizing the parameter profile likelihood. (a) Profile 

likelihood of the estimated parameters. The solid lines indicate the profile likelihood; the optimal 

parameter set is marked with a grey star. The red dashed line marks the 95 % confidence level. The 

light blue dashed line indicates the –2log(PL) value of the optimal parameter set. The parameter axis 

is on a logarithmic scale. (b) Model trajectories of CarH_B12, simulated for ten parameter sets along 

the parameter profile of Km,tc.  
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Table S1. Fitted parameter values obtained by maximum likelihood estimation. σ
−

 and σ
+

 indicate 

the 95 % point-wise confidence intervals calculated by exploiting the profile likelihood. 

Parameter 
	θ̂  σ −  σ +  Unit 

kdeg,B12 2.43 · 10−02 1.99 · 10−02 2.82 · 10−02 h−1 

kform,CarH_B12 6.89 · 10+04 1.38 · 10+02 + inf µM-1 · h−1 

kprod,CarH 2.75 · 10-01 2.42 · 10-01 3.23 · 10-01 µM · h−1 

kdeg,CarH 5.02 · 10+01 2.72 · 10+00 1.24 · 10+03 h−1 

koff 1.00 · 10+05 3.86 · 10+02 + inf h−1 

ktc,mRNA 5.61 · 10+01 3.30 · 10+01 1.11 · 10+02 h−1 · mRNA(0) 

kprocess,mRNA 1.68 · 10−01 8.90 · 10−02 3.35 · 10−01 h−1 

kbasal.mRNA 7.89 · 10−02 3.57 · 10−02 1.71 · 10−01 h−1 · mRNA(0) 

Km,tc 1.99 · 10−05 0 5.13 · 10−03 µM 

kdeg,mRNA 1.68 · 10−01 8.90 · 10−02 3.35 · 10−01 h−1 

ktl,SEAP 9.36 · 10−02 8.61 · 10−02 1.05 · 10−01 h−1 · mRNA(0)−1 · U · L−1 

kgrowth 2.04 · 10-02* − − h−1 

Nmax 2.00 · 10+00* − − h−1 

scaleB12,DR 1.32 · 10+00 1.20 · 10+00 1.48 · 10+00 1 

scalelight,DR 1.33 · 10+00 1.18 · 10+00 1.54 · 10+00 1 

sdmRNA,SEAP 2.70 · 10+01 1.54 · 10+01 4.56 · 10+01 mRNA(0) 

sdSEAP 4.70 · 10+01 3.95 · 10+01 5.83 · 10+01 U · L−1 

sdSEAP,no,CarH 9.13 · 10−01 6.41 · 10−01 1.45 · 10+00 U · L−1 

sdB12 1.24 · 10+00 9.24 · 10−01 1.81 · 10+00 µM 

 

* Value fixed.   
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INTRODUCTION  13 

Optogenetic tools provide high spatio-temporal resolution, minimized toxicity, and they 14 

act in a quantitative manner for the control of cellular processes. These aspects make 15 

them desirable tools for basic and applied plant research. There are to date few 16 

optoswitches developed to regulate gene expression with light in plants. 17 

The tools that have been developed to control gene expression in plant platforms 18 

include: a red light activation/far-red deactivation switch based on Phytochrome B 19 

(PhyB) and one of its interacting factors PHYTOCHROME INTERACTING FACTOR 6 20 

(PIF6)1,2; a green light-controlled switch based on CarH3; a blue light repressible switch 21 

based on EL2224; and a dual chromatic-controlled switch, termed PULSE4.  22 

In this work we aim for the expansion of the currently available tools, focusing in red 23 

and blue light-regulated tools. We developed a blue light-inducible (BOn) switch and 24 

assessed the performance of different versions of the red light PhyB-PIF switch. 25 

Furthermore, we developed a tool to control gene expression with the nuclease 26 

deactivated Cas9 that is only active in red light and that can be used to upregulate 27 

orthologous or endogenous plant promoters.  28 

We believe these tools can be combined with other optogenetic or chemical switches 29 

in order to develop and control complex gene circuits. Once these tools are optimized 30 

they could be applied in planta, opening up many opportunities in the field of plant 31 

sciences. 32 

 33 

RESULTS  34 

Blue light switch to induce gene transcription  35 

Based on the performance of blue light-repressible (BOff) switch developed for 36 

Arabidopsis thaliana protoplasts4, we engineer a blue light switch to induce (BOn) 37 

expression of a gene of interest. This switch is based on the EL222 transcription factor 38 

from Erythrobacter litoralis, that is composed of a LOV domain and a helix-turn-helix 39 

(HTH) domain connected by a J-alpha helix. The LOV domain uses Flavin 40 

mononucleotide (FMN) as a cofactor, which is ubiquitous in eukaryotes. Upon blue 41 

light application (with maximum absorption around 450 nm), the LOV domain 42 

undergoes a conformational change, thereby releasing the HTH and allowing the 43 

homodimerization of EL222. This allows for the HTH domain to bind a target DNA 44 

sequence (termed C120)5.  45 
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Following the strategy of Motta-Mena and colleages6, a fusion of the DNA 46 

transactivation domain VP16 to the N-term of EL222 was used for the characterization 47 

of the BOn switch in Arabidopsis protoplasts. As a reporter module, Firefly Luciferase 48 

(FLuc) was placed under the control of the minimal human cytomegalovirus promoter 49 

(PhCMVmin) and five repeats of the DNA target of EL222 (C120)5. In the dark, basal levels 50 

of Fluc expression are expected, while only upon illumination with blue light, EL222 51 

dimerises and binds to the cognate (C120)5 sequence, thus bringing the VP16 52 

activation domain into close proximity of the minimal promoter, thereby activating FLuc 53 

transcription (Fig. 1a).  54 

Arabidopsis protoplasts were co-transformed with the reporter module with or without 55 

the blue-responsive module. Then, they were incubated in different blue light 56 

intensities (0.25, 0.5, 1, 5, 10 μmol m-2 s-1) and the luminescence was determined after 57 

18 h. A constitutive Renilla luciferase (RLuc) was included as normalization element. 58 

Profiting from the fact that the reporter module has a recognition site for E protein – 59 

(etr)8 – (not relevant for the BOn switch) a constitutively expressed E-VP16 was 60 

included as positive control for light-independent activation of the reporter module. The 61 

ratios FLuc/RLuc for four technical replicates are shown in Fig. 1b. The optogenetic 62 

switch showed a good dynamic range, with the maximum fold induction (8.1-fold) being 63 

achieved after incubation in 5 μmol m-2 s-1 blue light. It was also observed that these 64 

blue light intensities had no negative effects on the expression of FLuc or RLuc, as for 65 

the constitutive/positive control E-VP16 (Fig. 1b), inferring that they had no toxic 66 

effects on the cells. 67 

New variants of the red light-inducible gene expression system 68 

The red light-inducible system was implemented successfully in the past in Nicotiana 69 

tabacum1 and in Arabidopsis thaliana plant protoplasts2. It was also used as a proof-70 

of-principle application to regulate hormone signalling and to express a human 71 

vascular endothelial growth factor (VEGF) in Physcomitrella patens1. It functions as a 72 

chimeric transcription factor, based on the truncated version of PhyB fused to a VP16 73 

transactivation domain, and the truncated version PIF6 fused to the macrolide 74 

repressor DNA-binding protein (E). There is a synthetic promoter in which eight repeats 75 

of the cognate sequence of the E protein – (etr)8 – are placed upstream of the minimal 76 

promoter (PhCMVmin), driving the expression of the gene of interest, e.g. FLuc. 77 

Therefore, only under red light, when PhyB and PIF6 interact, transcription of the gene 78 

of interest is initiated. The truncated PhyB(1-650) contains the PAS-GAF-PHY domains 79 
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from the photosensory module (PSM), lacking the C-terminal module (CTM). The 80 

truncated PIF6(1-100) contains the active PhyB-binding (APB) region, excluding the C-81 

terminal portion which comprises the basic helix-look-helix (bHLH) responsible of the 82 

DNA binding. 83 

To determine if the system could be improved in terms of performance and/or dynamic 84 

range, two strategies were followed. Firstly, the exchange of the activation domain 85 

(AD) by a stronger activation domain designed and tested by Li et al. in Arabidopsis 86 

and rice protoplasts7 and composed by 6 TAL effectors and VP128 (termed TV).  87 

Secondly, the exchange of the PIF6(1-100) by other versions such as PIF6(10-52) and 88 

PIF3AAfus (Fig. 2a). The APB motif is composed of two segments, termed APB.A and 89 

APB.B, the prior being the most conserved. Therefore, PIF6(10-52) is a version that only 90 

includes the APB.A motif of PIF6, and PIF3AAfus is a version that includes two APB.A 91 

motifs of PIF3 fused together. These two variants of PIFs were chosen based on their 92 

high dynamic range in mammalian cells8. 93 

We observed in protoplasts co-transformed with the different combinations of PhyB 94 

and PIF that the sorter version PIF6(10-52) does not significantly improve the dynamic 95 

range when compared to PIF6(1-100). On the other hand, the PIF3AAfus has a lower 96 

leakiness in the dark, resulting in a higher fold induction (Fig. 2b). However, in the 97 

configurations that included PhyB-TV, the highest induction fold is achieved with the 98 

shorter version of PIF6(10-52), followed by the PIF3AAfus (Fig. 2b). The positive controls, 99 

show that E-VP16 has higher overall expression than E-TV probably due to the 100 

difference in size between both activation domains. This difference in size of the E-101 

PIF-PhyB-AD complex could also explain diversity of induction/dynamic ranges 102 

obtained. It could be of particular interest to test in the future various linker sizes 103 

separating E-PIF and PhyB-AD, as well as different synthetic promoters with spacer 104 

sequences between the etr and the minimal promoter. 105 

Design and implementation of a novel red-light controlled dCas9 to up-regulate 106 

gene expression 107 

We additionally engineered a new concept of red-light inducible system that could be 108 

customized to upregulate expression of endogenous genes of interest. For that 109 

purpose, the DNA-binding protein of the ROn switch was exchanged by the nuclease-110 

deficient Streptococcus pyogenes Cas9 (D10A, H840A) protein, dCas99. In this 111 

manner, we could target any gene of interest by an ad-hoc designed guide RNA (Fig. 112 

3a). Several constructs of dCas9 fused to different versions of PIF were generated, 113 



Appendix A  

   

xlvii 

 
 5 

and PhyB was fused to the TV strong activation domain. The TV was selected due to 114 

the fact that fusions of PhyB-VP16 were found to be insufficient in activating gene 115 

expression in preliminary experiments (data not shown). This also aligns with the 116 

reported low to moderate activation by using a constitutive dCas9-VP64 in Arabidopsis 117 

protoplast and Nicotiana leaves7,10.  118 

We chose two promoters to upregulate: the orthologous promoter from Solanum 119 

lycopersicum dihydroflavonol 4-reductase promoter (PSlDFR), and the endogenous 120 

promoter of the Arabidopsis gene APETALA1 (PAtAP1), using FLuc as a quantitative 121 

readout. We used a gRNA against the -150 bp region of PSlDFR11 and a gRNA that was 122 

designed to target the -100 bp region of PAtAP14.  123 

In both cases the highest induction fold was achieved with the dCas9-PIF6(1-100) 124 

version. Red light induction of the system yielded 12.8-fold induction rates from the 125 

PSlDFR-FLuc construct compared to dark incubation (Fig. 3b), and 4.7-fold induction 126 

rates when targeting the PAtAP1-FLuc (Fig. 3c). To date, this is the first tool to control 127 

dCas9 activation by red-light to be developed and to successfully be applied in plant 128 

cells.  129 

 130 

DISCUSSION 131 

We implemented a blue light switch to induce gene expression. This tool is as of yet 132 

the first blue light switch to activate gene expression in plant cells. The fact that the 133 

cofactor supplementation is not required and that this optoswitch is orthologous to 134 

plants are advantages for its implementation in Arabidopsis. It comprises only one 135 

component, simplifying the construction and transformation of the required plasmids. 136 

It provided a good dynamic range having, however, some remaining activity in the dark 137 

state, as it can be observed in the results. Overall, this tool presents many advantages 138 

that makes it suitable for combination with other switches for multi-chromatic control of 139 

gene expression. 140 

Additionally, we developed and characterized red light-inducible switches based on 141 

PhyB-PIF, and functioning as a chimeric transcription factor or mediating activation by 142 

dCas9 promoter targeting. These red light switches based on PhyB and PIF have the 143 

advantage of not needing the addition of a cofactor, as it is already present in plants. 144 

Also, they are reversible in far-red light additionally to dark reversion. However, they 145 

are based on Arabidopsis genes so their stable implementation in this platform in the 146 

future could lead to cross-talk effects. The usage of small truncated versions of PhyB 147 



 

  

xlviii 

 
 6 

and PIF could partially alleviate this issue, as the truncated PIFs lack the bHLH and, 148 

therefore, the DNA binding ability, and PhyB lacks some of the regulatory domains 149 

located in the CTM. Additionally to the PSM, the CTM has been reported to be involved 150 

in PIF binding and degradation as well as thermal reversion12, therefore, the PhyB(1-151 

650)-VP16 can have different affinity for the PIF and different reversion kinetics 152 

compared to the endogenous PhyB. Another way of overcoming this issue could be to 153 

combine it with chemical inducible systems following the example of earlier works in 154 

mammalian systems13. 155 

The red light-inducible switch based on chimeric transcription factors yielded an array 156 

of dynamic ranges. It seems that the PIF3AAfus provided a good dynamic range when 157 

combined with PhyB-VP16 while showing a lower basal activity in the dark. The 158 

configurations comprising PhyB-TV and PIF6(10-52) yielded a higher overall expression 159 

while keeping a high fold induction. Both PIF3AAfus and PIF6(10-52) are smaller, 160 

containing 57 amino acids and 43 aminoacids, respectively, than PIF6(1-100), so it could 161 

be beneficial in the future for their combination with other switches and for minimizing 162 

crosstalk with other plant components.  163 

The dCas9 strategy stands out as very promising, thanks to the possibility of controlling 164 

endogenous gene expression on command. Additionally, it can be used to control 165 

synthetic and orthologous promoters as exemplified here. Despite similar control has 166 

been achieved by using it in a combined strategy with PULSE4, this is a simpler 167 

approach with lesser components that does not rely in downstream delayed activation. 168 

Theoretically, the dCas9 controlled with red light could be used to downregulate 169 

expression of a gene of interest by fusing PhyB to a repressor domain and designing 170 

the guide RNA to target the promoter of said gene. 171 

We think that these tools could be the basic components to generate complex genetic 172 

circuits in the future. Despite the fact that they can only be used at the moment in 173 

transient expression in cells or leaves, once optimized for its implementation in planta, 174 

they will be the next breakthrough for plant applied and basic research. 175 

 176 

METHODS  177 

Plasmid construction  178 

A description about the plasmid construction can be found in Supplementary Table 179 

S1. DNA fragments were released by restriction from existing plasmids or amplified by 180 

PCR using primers synthesized by Sigma Aldrich (listed in Supplementary Table S2). 181 
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The PCR reactions were performed using Q5 High-Fidelity DNA Polymerase (New 182 

England Biolabs). Gel extractions were performed using NucleoSpin® Gel and PCR 183 

Clean-up kit (Macherey-Nagel). Assemblies were performed using either Gibson14, 184 

AQUA15, GoldenBraid16 or restriction-ligation cloning methods prior to transformation 185 

into chemically competent Escherichia coli strain 10-beta (NEB). The plasmid 186 

purifications were performed using Wizard® Plus SV Minipreps DNA Purification 187 

Systems (Promega), NucleoBond® Xtra Midi kit (Macherey-Nagel). All preparations 188 

were tested by restriction enzyme digests and sequencing (GATC-biotech/SeqLab). 189 

All restriction enzymes were purchased from New England Biolabs. 190 

Arabidopsis protoplast isolation and transformation  191 

Protoplasts were isolated from two- to three-week old Arabidopsis thaliana plantlet 192 

leaves by the floatation method and PEG-mediated transformed, as described before2. 193 

Mixtures of the different plasmids, as described in the figures, with a total amount of 194 

30 μg DNA were used to transform 500,000 protoplasts into a final volume of 1.6 mL 195 

of protoplast suspension. After transformation, protoplasts were then divided in 196 

different 24-well plates in 640 μL aliquots (200,000 protoplasts-necessary to measure 197 

four technical replicates for both FLuc and RLuc). Transformed protoplasts were then 198 

either kept in dark or either illuminated with LED arrays of appropriate wavelength and 199 

intensity (as indicated in the figures), for 18 - 20 h at 19 - 23 °C unless indicated 200 

otherwise.  201 

Illumination conditions 202 

Custom made LED light boxes were used as described before2,17. The panels contain 203 

LEDs from Roithner: blue (461 nm) and red (655 nm). The intensity was adjusted to 204 

10 μmol m-2 s-1 for blue and red light treatment, unless indicated otherwise. Cell- and 205 

plant- handling as well as sampling was performed under safe light conditions (e.g. 206 

green LED 510 nm light) which does not affect the systems. Spectra and intensities 207 

were obtained with a spectroradiometer (AvaSpec-ULS2048 with fiber-optic FC-208 

UVIR200-2, AVANTES).  209 

Luciferase protoplast assay 210 

Firefly (FLuc) and Renilla luciferase (RLuc) activities were quantified in intact 211 

protoplasts as detailed elsewhere2. Four technical replicates of 80 μL protoplast 212 

suspensions (approximately 25,000 protoplasts) were pipetted into two separate 96-213 

well white flat bottom plates (Costar) for simultaneous parallel quantification of both 214 

luciferases. Addition of 20 μL of either FLuc substrate (0.47 mM D-luciferin (Biosynth 215 
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AG), 20 mM tricine, 2.67 mM MgSO4·7H2O, 0.1 mM EDTA·2H2O, 33.3 mM 216 

dithiothreitol, 0.52 mM adenosine 5′-triphosphate, 0.27 mM acetyl–coenzyme A, 5 mM 217 

NaOH, 264 μM MgCO3·5H2O, in H2O, pH 8), or RLuc substrate (0.472 mM 218 

coelenterazine stock solution in methanol, diluted directly before use, 1:15 in 219 

phosphate buffered saline, PBS) was performed prior luminescence determination in 220 

a plate reader (determination of 20 min kinetics, integration time 0.1 s). RLuc 221 

luminescence was measured with a BertholdTriStar2 S LB 942 multimode plate reader 222 

and FLuc luminescence was determined with a Berthold Centro XS3 LB 960 microplate 223 

luminometer. When applicable, FLuc/RLuc was determined and the average of the 224 

replicates and SEM was plotted.  225 

  226 
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FIGURE LEGENDS 1 

Fig. 1. Design and characterization of the blue light-regulated gene activation switch 2 

(BOn) in Arabidopsis protoplasts. (a) Constructs and mode of function. The components 3 

engineered and characterized in plant cells are: i) the blue light-responsive 4 

photoreceptor EL222 fused to an activation domain VP16 and placed under the control 5 

of the constitutive promoter PCaMV35S, ii) a synthetic promoter composed of five repeats 6 

of C120 - (C120)5 - and a minimal promoter PhCMV, driving the expression of the 7 

reporter gene FLuc, and iii) PCaMV35S driving the constitutive expression of the 8 

normalization element RLuc. A constitutively expressed E protein fused to VP16 is 9 

included as positive control, where E binding to its cognate sequence (etr)8 in the 10 

reporter module activates FLuc expresssion in a light-independent manner. The 11 

transcription factor EL222 has a Light-Oxygen-Voltage (LOV) dependent and a Helix-12 

Turn-Helix (HTH) domain. The photoreceptor is folded in the dark due to a flavin-13 

protein adduct and incapable of binding to DNA. As a result, there is no expression of 14 

FLuc in the dark. Upon blue light irradiation, EL222 unfolds and dimerizes, binding to 15 

the (C120)5 element, bringing the transcativator domain VP16 close to the minimal 16 

promoter and initiating the transcription of FLuc. (b) Characterization of the system. 17 

Arabidopsis protoplasts were transformed with the reporter module (pROF021) and 18 

the blue light-inducible element VP16-EL222 (pKM531) or without the optoswitch (∅, 19 

stuffer plasmid). Constitutively expressed RLuc (GB0109) was included for 20 

normalization. After transformation, protoplasts were kept in darkness or illuminated 21 

with different intensities of blue light (0.25, 0.5, 1, 5, 10 μmol m-2 s-1), and FLuc and 22 

RLuc were determined after 18 h. Shown data are the mean FLuc/RLuc ratios. Error 23 

bars indicate standard error of the mean (SEM), n = 4. RLU = Relative Luminescence 24 

Units. NLS = Nuclear Localization Sequence.  25 

 26 

Fig. 2. Red light-regulated gene activation switch (ROn), variants and functional test in 27 

Arabidopsis protoplasts. (a) Constructs and mode of function. The components 28 

engineered and characterized in plant cells are: i) the red light-activated, far-red light-29 

inactivated switch comprising the first 650 amino acids of the PhyB photoreceptor - 30 

PhyB(1-650) - fused to an activation domain (AD), VP16 or TV, and the macrolide 31 

repressor DNA-binding protein E fused to either PIF6(1-100), PIF6(10-52), or PIF3AAfus. The 32 

two modules of the switch are constitutively expressed under the control of the 33 

promoter PCaMV35S, ii) eight repeats of the target sequence of the protein E, etr - (etr)8 34 
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- and the minimal promoter PhCMVmin, driving the expression of the reporter gene FLuc, 35 

and iii) PCaMV35S driving the constitutive expression of the normalization element RLuc. 36 

A constitutive E fused to VP16 and TV is included as control to asses the maximum 37 

light-independent repression of the expression achievable. Under red light, PhyB is in 38 

active form (PhyBfr), and therefore able to interact with PIF, which is bound to (etr)8 39 

through the E protein. In consequence, there is recruitment of the activator domain to 40 

the minimal promoter, resulting in expression of FLuc (left). In darkness or in far-red 41 

light, PhyB is in the inactive form (PhyBr), therefore unable to bind to the synthetic 42 

promoter, resulting in no FLuc transcription (right). (b) Characterization of the system. 43 

Arabidopsis protoplasts were transformed with the reporter module (pMZ836) and the 44 

red light-responsive elements PhyB, fused to either activation domain VP16 45 

(pROF538), or TV (pROF531), and E fused to either PIF61-100 (pROF490), PIF610-52 46 

(pROF491), or PIF3AAfus (pROF492), or without the optoswitch (stuffer plasmid). 47 

Reporter module co-transformed with either E fused to VP16 (pKT011), or TV 48 

(pKT121), were included as positive controls. Constitutively expressed RLuc (GB0109) 49 

was included in all cases for normalization. After transformation, protoplasts were kept 50 

in darkness or illuminated with different intensities of red light (10 μmol m-2 s-1), and 51 

FLuc and RLuc were determined after 19 h. Shown data are the mean FLuc/RLuc 52 

ratios. Error bars indicate standard error of the mean (SEM), n = 6. RLU = Relative 53 

Luminescence Units. NLS = Nuclear Localization Sequence. 54 

 55 

Fig. 3. Mode of function of the red light-activated dCas9-based switch to upregulate 56 

gene expression in Arabidopsis protoplasts. (a) Constructs and mode of function. The 57 

components engineered and characterized in plant cells are: i) the red light-activated 58 

modules comprising the nuclease-deficient Streptococcus pyogenes Cas9 - dCas9 - 59 

fused to either PIF6(1-100), PIF6(10-52), or PIF3AAfus, and the first 650 amino acids of the 60 

PhyB photoreceptor - PhyB(1-650) - fused to the activation domain termed TV. The two 61 

modules of the switch are constitutively expressed from the promoter PCaMV35S, ii) the 62 

target module composed by the orthologous promoter from Solanum lycopersicum 63 

dihydroflavonol 4-reductase promoter - PSlDFR - and the endogenous promoter from the 64 

Arabidopsis gene APETALA1 - PAtAP1 -, driving the expression of the reporter gene 65 

FLuc, iii) the guide RNA to target either of the two promoters gRNA(PSlDFR) and 66 

gRNA(PAtAP1) , and iv) PCaMV35S driving the constitutive expression of the normalization 67 

element RLuc. A constitutive dCas9 fused to TV is included as control to asses the 68 
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maximum light-independent upregulation of the expression achievable. Under red 69 

light, PhyB is in the active form (PhyBfr), and therefore able to interact with PIF which 70 

is bound to the promoter of interest. The guide RNA confers the specificity towards the 71 

promoter. In consequence there is recruitment of the strong activator domain in the 72 

proximity of the promoter which leads to transcription activation of FLuc (left). In 73 

darkness or in far-red light PhyB is in the inactive form (PhyBr), therefore unable to 74 

bind to PIF resulting in only basal activity of the promoter and FLuc transcription (right). 75 

(b) Characterization of the system using an orthologous promoter. Arabidopsis 76 

protoplasts were co-transformed with the target/reporter module, PSlDFR-FLuc 77 

(GB1159), either without activation and guide module (stuffer plasmid) for the negative 78 

control, or with the constitutive dCas9-TV (GB2047) and appropriate gRNA to target 79 

PSlDFR (GB1221) as positive control, or with the red-light activation modules together 80 

with the guide module. For the red light-responsive elements, PhyB-TV (pROF531) 81 

was co-transformed with the modules containing dCas9 fused to either PIF6(1-100), 82 

(pROF487), PIF6(10-52) (pROF488), PIF3AAfus (pROF489). Constitutively expressed 83 

RLuc (GB0109) was included in all cases for normalization. (c) Characterization of the 84 

system using an endogenous promoter. Arabidopsis protoplasts were co-transformed 85 

with the target/reporter module, PAtAP1-FLuc (pROF366) either without activation and 86 

guide module (stuffer plasmid) for the negative control, or with the constitutive dCas9-87 

TV (GB2047) and appropriate gRNA to target PAtAP1 (pROF441) as positive control, or 88 

with the red-light activation modules together with the guide module. For the red light-89 

responsive elements PhyB-TV (pROF531) was co-transformed with the modules 90 

containing dCas9 fused to either PIF6(1-100), (pROF487), PIF6(10-52) (pROF488), 91 

PIF3AAfus (pROF489). Constitutively expressed RLuc (GB0109) was included in all 92 

cases for normalization. (b,c) After transformation, protoplasts were kept in darkness 93 

or illuminated with different intensities of red light (10 μmol m-2 s-1), and FLuc and RLuc 94 

were determined after 18 h. Shown data are the mean FLuc/RLuc ratios. Error bars 95 

indicate standard error of the mean (SEM), n = 4. RLU = Relative Luminescence Units. 96 

NLS = Nuclear Localization Sequence.97 
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Supplementary Tables 

 
Supplementary Table S1. Plasmids used in this work (grey shading). Plasmids below 
in the hierarchy were used as intermediate plasmids for cloning purposes.  

Plasmid 
name Description Insert Backbone Cloning 

procedure 
GB0109 PCaMV35s-RLuc-Tnos1      

GB1159 PSlDFR-FLuc-Tnos2      

GB1221 

PAtU6-26-gRNA(PSlDFR)-
sgRNA2 

     

GB2047 

PCaMV35S-dCas9-
2xNLS-TV-Tnos2 

     

pKM351 PCaMV35S-NLS-VP16-
EL222-Tnos 

NLS-VP16-EL222 was 
amplified from pVP-
EL2223 with oligos 
oKM611/oKM612  

pMZ8274 
digested 
with 
NdeI/EcoRI 

Gibson assembly 
of backbone and 
PCR insert 

pKT011 PCaMV35S-E-VP16-T35S 
 

GB00301, pKT002, 
GB00361 EC47742  

BsaI restriction-
ligation reaction 
(GoldenGate) 

 ↳↳ 
pKT002 

E-VP16-NLS 
(Position B3-B5) 
 

VP16-NLS was 
amplified from 
pMZ8244 with oligos 
oKT003/oKT016.  

pUPD26 

BsmBI 
restriction-
ligation reaction 
(Golden Braid) 

pKT0121 PCaMV35S-E-2xNLS-
TV-T35S 

GB00301, pROF483, 
GB20012, GB00361  EC477425  

BsaI restriction-
ligation reaction 
(GoldenGate) ↳↳ 

pROF483 E (Pos. B3-B4) 
E was amplified from 
pMZ8274 with oligos 
oROF580/oROF581 

pUPD26  

BsmBI 
restriction-
ligation reaction 
(GB) 

pMZ824 PCaMV35S-E-VP16-
NLS-TSV404    

pMZ827 PCaMV35S-E-PIF6(1-100)-
NLS-TSV404 

     

pMZ828 PCaMV35S-PhyB(1-650)-
VP16-NLS-TSV404 

     

pMZ836 (etr)8-PhCMVmin-FLuc- 
TSV404    

pROF021 (etr)8-(C120)5-
PhCMVmin-FLuc-TSV40 

FLuc was excised from 
pMZ8364 with 
NotI/EcoRI 

pROF020 
digested 
with 
EcoRI/NotI 

Ligation with T4 
DNA ligase 

 ↳↳ 
pROF020 (etr)8-(C120)5-

PhCMVmin-SEAP-TSV40 

(C120)5 was amplified 
from pGL4.32-C120-
FLuc3 with oligos 
oROF027/oROF028. 

pKM0817 
digested 
with NheI  

Ligation with T4 
DNA ligase 

pROF366 PAtAP1-FLuc-TSV40 

PAtAP1 was amplified 
from Arabidopsis 
genomic DNA with 
oligos 
oROF401/oROF403 

pROF021 
digested 
with PstI/ 
EcoRI  

 Gibson 
assembly of 
backbone and 
PCR insert 
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pROF441 PAtU6-26-gRNA(PAtAP1)-
sgRNA 

gRNA(PAtAP1) was 
constructed using 
oligos 
oROF537/oROF538 at 
1 μM; 5 μl of each were 
mixed and incubated 
for 30 min at RT. Then 
1 μl of the mixture was 
combined with 
pROF440 and 
pROF446. 

pDGB 
1alpha21 

BsaI restriction-
ligation reaction 
(GB) 

 ↳↳ 
pROF440 PAtU6-26 (Pos. A1-B2) 

PAtU6-26 was amplified 
from pEn-Chimera8 
with oligos 
oROF137/oROF545 

pUPD26 
 
 

BsmBI 
restriction-
ligation reaction 
(GB) 

 ↳↳ 
pROF446 sgRNA 

sgRNA was amplified 
from pEN-Chimera8 
with oligos 
oROF546/oROF140 

pUPD26 

BsmBI 
restriction-
ligation reaction 
(GB) 

pROF472 
P35Senhancer(-149 to -51)-
(etr)8-PhCMVmin-FLuc-
T35S  

pROF338, pROF468, 
pROF375, GB00961, 
GB00361 

pDGB 
1alpha11 

BsaI restriction-
ligation reaction 
(GB) ↳↳ 

pROF338 P35Senhancer(-149 to -51) 
(Pos. A1) 

P35Senhancer(-149 to -51) was 
amplified from 
GB00301 with oligos 
oROF377/oROF378 

pUPD26  

BsmBI 
restriction-
ligation reaction 
(GB) ↳↳ 

pROF468 (etr)8 (Pos. A2) 

(etr)8 was amplified 
from pKM0817 with 
oligos 
oROF594/oROF591  

pUPD26 

BsmBI 
restriction-
ligation reaction 
(GB) ↳↳ 

pROF375 PhCMVmin (Pos. A3-B2) 

PhCMVmin was amplified 
from pMZ8364 with 
oligos 
oROF083/oROF084 

pUPD26 

BsmBI 
restriction-
ligation reaction 
(GB) 

pROF473 
P35Senhancer(-953 to -51)-
(etr)8-PhCMVmin-FLuc-
T35S  

pROF339, pROF468, 
pROF375, GB00961, 
GB00361 

pDGB 
1alpha11 

BsaI restriction-
ligation reaction 
(GB) ↳↳ 

pROF339 P35Senhancer(-953 to -51) 
(Pos. A1) 

P35Senhancer(-953 to -51) was 
amplified from 
GB00301 with oligos 
oROF376/oROF378 

pUPD26  

BsmBI 
restriction-
ligation reaction 
(GB) ↳↳ 

pROF468 (etr)8 (Pos. A2) 

(etr)8 was amplified 
from pKM0817 with 
oligos 
oROF594/oROF591 

pUPD26 

BsmBI 
restriction-
ligation reaction 
(GB) ↳↳ 

pROF375 PhCMVmin (Pos. A3-B2) 

PhCMVmin was amplified 
from pMZ8364 with 
oligos 
oROF083/oROF084 

pUPD26 

BsmBI 
restriction-
ligation reaction 
(GB) 

pROF474 
P35Senhancer(-953 to +1)-
(etr)8-PhCMVmin-FLuc-
T35S  

pROF340, pROF469, 
GB00961, GB00361 

pDGB 
1alpha11 

BsaI restriction-
ligation reaction 
(GB) ↳↳ 

pROF340 P35Senhancer(-953 to +1) 

(Pos. A1-B1) 

P35Senhancer(-953 to +1) was 
amplified from 
GB00301 with oligos 
oROF376/oROF379 

pUPD26  

BsmBI 
restriction-
ligation reaction 
(GB) ↳↳ 

pROF469 (etr)8 (Pos. B2) 

(etr)8 was amplified 
from pKM0817 with 
oligos 
oROF595/oROF593  

pUPD26 

BsmBI 
restriction-
ligation reaction 
(GB) 
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pROF475 PCaMV35S-PhyB-linker-
SRDX-NLS-Tnos 

PhyB-linker-SRDX-NLS 
was amplified from 
pMZ8284 with oligos 
oROF574/oROF575 

pGEN0169 
digested 
with 
AgeI/EcoRI 

AQUA assembly 
of backbone and 
PCR insert 

pROF476 PCaMV35S-NLS-linker-
SRDX-Tnos 

PhyB-NLS-linker-SRDX 
was amplified from 
pMZ8284 with oligos 
oROF574/oROF576 

pGEN0169 
digested 
with 
AgeI/EcoRI 

AQUA assembly 
of backbone and 
PCR insert 

pROF487 PCaMV35S-dCas9-
PIF6(1-100)-NLS-T35S  

GB00301, GB10792, 
pROF484, GB00361 

pDGB 
3alpha11 

BsaI restriction-
ligation reaction 
(GB) ↳↳ 

pROF484 Linker-PIF6(1-100)-NLS 
(Pos. B5) 

Linker-PIF6(1-100)-NLS 
was amplified rom 
pMZ8274 with oligos 
oROF582/oROF583 

pUPD26  

BsmBI 
restriction-
ligation reaction 
(GB) 

pROF488 PCaMV35S-dCas9-
PIF6(10-52)-NLS-T35S  

GB00301, GB10792, 
pROF485, GB00361 

pDGB 
3alpha11 

BsaI restriction-
ligation reaction 
(GB) ↳↳ 

pROF485 Linker-PIF6(10-52)-NLS 
(Pos. B5) 

Linker-PIF6(10-52)-NLS 
was amplified from 
pMZ8274 with oligos 
oROF584/oROF585 

pUPD26  

BsmBI 
restriction-
ligation reaction 
(GB) 

pROF489 PCaMV35S-dCas9-
PIF3AAfus-T35S  

GB00301, GB10792, 
pROF486, GB00361 

pDGB 
3alpha11 

BsaI restriction-
ligation reaction 
(GB) ↳↳ 

pROF486 Linker- PIF3AAfus-NLS 
(Pos. B5) 

Linker- PIF3AAfus-NLS 
was amplified from 
pDG36610 with oligos 
oROF586/oROF587 

pUPD26 

BsmBI 
restriction-
ligation reaction 
(GB) 

pROF490 PCaMV35S-E-PIF6(1-100)-
NLS-T35S  

GB00301, pROF483, 
pROF484, GB00361 

pDGB 
3alpha11 

BsaI restriction-
ligation reaction 
(GB) ↳↳ 

pROF483 E (Pos. B3-B4) 
E was amplified from 
pMZ8274 with oligos 
oROF580/oROF581 

pUPD26  

BsmBI 
restriction-
ligation reaction 
(GB) ↳↳ 

pROF484 Linker-PIF6(1-100)-NLS 
(Pos. B5) 

Linker-PIF6(1-100)-
NLS was amplified rom 
pMZ8274 with oligos 
oROF582/oROF583 

pUPD26 

BsmBI 
restriction-
ligation reaction 
(GB) 

pROF491 PCaMV35S-E- PIF6(10-

52)-NLS-T35S  
GB00301, pROF483, 
pROF485, GB00361 

pDGB 
3alpha11 

BsaI restriction-
ligation reaction 
(GB) ↳↳ 

pROF483 E (Pos. B3-B4) 
E was amplified from 
pMZ8274 with oligos 
oROF580/oROF581 

pUPD26 

BsmBI 
restriction-
ligation reaction 
(GB) ↳↳ 

pROF485 Linker-PIF6(10-52)-NLS 
(Pos. B5) 

Linker-PIF6(10-52)-NLS 
was amplified from 
pMZ8274 with oligos 
oROF584/oROF585 

pUPD26  

BsmBI 
restriction-
ligation reaction 
(GB) 

pROF492 PCaMV35S-E-PIF3AAfus-
T35S  

GB00301, pROF483, 
pROF486, GB00361 

pDGB 
3alpha11 

BsaI restriction-
ligation reaction 
(GB) ↳↳ 

pROF483 E (Pos. B3-B4) 
E was amplified from 
pMZ8274 with oligos 
oROF580/oROF581 

pUPD26 

BsmBI 
restriction-
ligation reaction 
(GB) ↳↳ pROF486 Linker- PIF3AAfus-NLS 

(Pos. B5) 
Linker- PIF3AAfus-NLS 
was amplified from pUPD26  BsmBI 

restriction-
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pDG36610 with oligos 
oROF586/oROF587 

ligation reaction 
(GB) 

pROF531 PCaMV35S-PhyB-
2xNLS-TV-T35S 

GB00301, pKT097, 
GB20012, GB00361 

pDGB 
1alpha21 

BsaI restriction-
ligation reaction 
(GB) ↳↳ 

pKT097 PhyB (Pos. B3-B4) 
PhyB was amplified 
from pMZ8284 with 
oligos oKT090/oKT091 

pUPD26  

BsmBI 
restriction-
ligation reaction 
(GB) 

pROF538 PCaMV35S-PhyB- 
linker-VP16-NLS-T35S 

GB00301, pMV003, 
GB00361 

pDGB 
1alpha11 

BsaI restriction-
ligation reaction 
(GB) ↳↳ pMVV00

3 
PhyB-VP16-NLS 
(Pos. B3-B5) 

PhyB-VP16-NLS was 
amplified from from 
pMZ8284 

pUPD1 

BsmBI 
restriction-
ligation reaction 
(GB) 

pROF539 (etr)8-PhCMVmin-FLuc-
Tnos 

pROF447, GB00961, 
GB00371 

pDGB 
1alpha21 

BsaI restriction-
ligation reaction 
(GB) ↳↳ 

pROF447 (etr)8-PhCMVmin (Pos. 
A1-B2) 

(etr)8-PhCMVmin was 
amplified from 
pKM0817 with oligos 
oROF071/oROF042 

pUPD26  

BsmBI 
restriction-
ligation reaction 
(GB) 

pROF551 PCaMV35S-NLS-dCas9-
T35S 

GB00301, pROF550, 
GB00361 

pDGB 
1alpha11 

BsaI restriction-
ligation reaction 
(GB) ↳↳ 

pROF550 NLS-dCas9 (Pos. B3-
B5) 

NLS-dCas9 was 
amplified from 
GB10792 with oligos 
oROF610/oROF611 

pUPD26  

BsmBI 
restriction-
ligation reaction 
(GB) 

pROF554 PCaMV35S-NLS-dCas9-
NLS-SRDX-T35S 

GB00301, pROF553, 
GB00361 

pDGB 
1alpha11 

BsaI restriction-
ligation reaction 
(GB) ↳↳ 

pROF553 NLS-dcas9-NLS-
SRDX (Pos. B3-B5) 

NLS-dcas9-NLS-SRDX 
was amplified from 
GB10792 with oligos 
oROF610/oROF612 

pUPD26  

BsmBI 
restriction-
ligation reaction 
(GB) 

pROF556 PCaMV35S-E-NLS-
SRDX-T35S 

GB00301, pROF555, 
GB00361 

pDGB 
1alpha11 

BsaI restriction-
ligation reaction 
(GB) ↳↳ 

pROF555 E-NLS-SRDX (Pos. 
B3-B5) 

E-NLS-SRDX was 
amplified from 
pMZ8274 with oligos 
oROF580/oROF613 

pUPD26  

BsmBI 
restriction-
ligation reaction 
(GB) 

pRSET 
PT7-driven bacterial 
expression vector 
(ThermoFisher) 

      

dCas9, CRISPR associated protein 9 nuclease deficient; E, macrolide-responsive repressor protein; 

EL222, transcription factor from Erythrobacter litoralis; (etr)8, 8 repeats of the DNA cognate sequence 

of E; FLuc, Firefly luciferase; gRNA, part of the guide RNA containing the 20 bp target sequence; NLS, 

nuclear localization signal from the simian virus 40 large T antigen; P35Senhancer, enhancer region of the 

cauliflower mosaic virus 35S promoter; PAtU6-26, A. thaliana U6-26 RNA polymerase III promoter; PAtAP1, 

A. thaliana APETALA1 promoter; PAtUbq10, A. thaliana Ubiquitin-10 promoter; PCaMV35S, cauliflower 

mosaic virus 35S terminator; PhCMVmin, minimal human cytomegalovirus immediate early promoter; 

PhyB(1–650), N-terminus of A. thaliana phytochrome B including amino acids 1–650; PIF3AAfus, fusion of 
two times the APB.A motif of A. thaliana phytochrome-interacting factor 3; PIF6(1–100), N-terminus of A. 
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thaliana phytochrome-interacting factor 6 including amino acids 1–100; PIF6(10–52), APB.A motif of A. 

thaliana phytochrome-interacting factor 6 including amino acids 10–52; Pnos, Agrobacterium 

thumefaciens nopaline synthase promoter; PSlDFR, Solanum lycopersicum dihydroflavonol 4-reductase 

promoter; PSV40, simian virus 40 early promoter; RLuc, Renilla luciferase; SRDX, EAR repression 

domain from A. thaliana; SEAP, human secreted alkaline phosphatase; sgRNA, single guide RNA from 

combined bacterial crRNA and tracrRNA without the target sequence; TSV40, simian virus 40 early 

terminator; TV, activation domain composed by 6x TAL and 2x VP64 and NLS sequence; VP16, Herpes 

simplex virus-derived transactivation domain.  
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Supplementary Table S2. Oligonucleotides used in this work (lowercase correspond 
to annealing part and uppercase corresponds to overhangs)  

Oligonucleotide 
name Sequence 5'→3' 

oKM611 CGGTTGGCTAGGTAAGCTTGGTACCACCTGAACGACGCATATGTGCTAGC
gccaccatgggccctaaaaag 

oKM612 ATCTAGATCCGGTGGATCCAAGCTTCTCGAGCCCGGGGAATTCttagattccgg
cttcgacggc 

oKT003 GCGCCGTCTCGCTCGAatgccccgccccaagc 

oKT016 GCGCCGTCTCGCTCAAAgcctacaccttcctcttcttctttgg 

oKT090 GCGCCGTCTCGCTCGaatggtttccggagtcg 

oKT091 GCGCCGTCTCGCTCACGAACcacctaactcatcaatcccc 

oROF027 tacgggaggtattggacagg 

oROF028 TGATGCCGCTAGCtctagtgtctaagcttcatgg 

oROF042 GCGCCGTCTCGCTCGCATTaggctggatcggtcccggtg 

oROF071 GCGCCGTCTCGCTCGGGAGgtttaaacgattgaatataaccgac 

oROF083 GCGCCGTCTCGCTCGTCCCGCGGCCGCcctatataagcagagctcgtt 

oROF084 GCGCCGTCTCGCTCGCATTACCGGTaggctggatcggtcccggtg 

oROF137 GCGCCGTCTCGCTCGGGAGctttttttcttcttcttcgttcatac 

oROF140 GCGCCGTCTCGCTCAAGCGtaatgccaactttgtacaagaaag 

oROF376 GCGCCGTCTCGCTCGGGAGactagagccaagctgatctc 

oROF377 GCGCCGTCTCGCTCGGGAGagcatcgtggaaaaagaagac 

oROF378 GCGCCGTCTCGCTCAGTCAatagtgggattgtgcgtcatc 

oROF379 GCGCCGTCTCGCTCAATGGtcgactagaatagtaaattgtaatgt 

oROF537 ATTGTATATCTCGTACTAATGTC 

oROF538  AAACGACATTAGTACGAGATATA 

oROF545 GCGCCGTCTCGCTCAcaatcactacttcgactctag 

oROF546 GCGCCGTCTCGCTCGgttttagagctagaaatagcaagt 

oROF574 TTTGGAGAGAACACGGGGACTCTAGCGCTACCGGTatggtttccggagtcgg 

oROF575 
CCGGTGGATCCAAGCTTCTCGAGCCCGGGGAATTCCTACACCTTCCTCTT
CTTCTTTGGAGCAAAACCAAGTCTAAGTTCAAGATCAAGCATaccagcactacc
agcactac 

oROF576 
CCGGTGGATCCAAGCTTCTCGAGCCCGGGGCTAAGCAAAACCAAGTCTA
AGTTCAAGATCAAGCATAGCTCCAGCTCCCACCTTCCTCTTCTTCTTTGGa
ccagcactaccagcactac 

oROF580 GCGCCGTCTCGCTCGAATGccccgccccaagct 

oROF581  GCGCCGTCTCGCTCACGAACCgctgtacgcggacgc 

oROF582 GCGCCGTCTCGCTCGTTCGagtgctggtagtgctggtag 

oROF583 GCGCCGTCTCGCTCAAAGCctacaccttcctcttcttctt 
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oROF584 GCGCCGTCTCGCTCGTTCGAGTGCTGGTAGTGCTGGTAGTGCTGGTtgcag
gttaagcgatcaa 

oROF585 GCGCCGTCTCGCTCAAAGCCTACACCTTCCTCTTCTTCTTTGGtgcctcataca
aatccatg 

oROF586 GCGCCGTCTCGCTCGTTCGtctgccggctctgccggctc 

oROF587 GCGCCGTCTCGCTCAAAGCtcagtgatgattcagccacg 

oROF591 GCGCCGTCTCGCTCAGGGAgctagcatccctaaatgtaac 

oROF593  GCGCCGTCTCGCTCACATTgctagcatccctaaatgtaac 

oROF594 GCGCCGTCTCGCTCGTGACgcaaaaagcttcgaagtttaaac 

oROF595 GCGCCGTCTCGCTCGCCATgcaaaaagcttcgaagtttaaac 

oROF610 GCGCCGTCTCGctcgaatgcccaagaagaagaggaag 

oROF611 GCGCCGTCTCGCTCAAAGCTCAatcagccctgctgtctc 

oROF612 GCGCCGTCTCGCTCAAAGCTCAAGCAAAACCAAGTCTAAGTTCAAGATCA
AGATCAAGCACCTTCCTCTTCTTCTTGGGatcagccctgctgtctc 

oROF613 GCGCCGTCTCGCTCAAAGCTCAAGCAAAACCAAGTCTAAGTTCAAGATCA
AGATCAAGCACCTTCCTCTTCTTCTTGGGgctgtacgcggacgca 
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ABSTRACT 

Optogenetics, the genetic approach of controlling cellular processes with light, is 

revolutionizing signalling and metabolic studies in biology. It provides unmatched 

spatiotemporal, quantitative and reversible control, with minimized invasiveness, 

thereby overcoming limitations of chemically-inducible systems. However, 

optogenetics severely lags behind in plant research because ambient light required for 

growth leads to undesired system activation. We solved this major issue by 

engineering PULSE (Plant Usable Light-Switch Elements), the first optogenetic tool for 

reversibly controlling gene expression in plants under ambient light. PULSE combines 

a blue light-regulated repressor with a red light-inducible switch. Gene expression is 

only activated under red light and remains inactive under white light/darkness. 

Supported by a quantitative mathematical model we characterized PULSE 

performance in protoplasts achieving up to 400-fold induction rates, plant leaves and 

also in transgenic plants. We combined PULSE with CRISPR/Cas9-based 

technologies to control synthetic signalling and developmental pathways in cells and 

immune responses in planta. PULSE will enable broad experimental avenues for plant 

research and biotechnology. 
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INTRODUCTION  

The reversible and orthogonal control of cellular processes with high spatiotemporal 

resolution is key for quantitatively understanding the dynamics of biological signalling 

networks as well as for programming desired phenotypes. The optimal stimulus for 

such cellular control is light as it can be applied with unmatched spatiotemporal 

precision in a quantitative manner, with minimized toxicity and invasiveness. 

Accordingly, optogenetics, the control of cellular events by using genetically encoded, 

light-responsive switches is opening revolutionary avenues in mammalian systems. A 

non-limiting list of successfully manipulated and regulated cellular and physiological 

processes with optogenetic switches includes neuromodulation, gene expression, 

epigenetics, protein and organellar activity, and subcellular localization1–7. 

While similar approaches to address important biological questions are needed in plant 

research, the use of optogenetics to answer them is limited by the intrinsic need of 

plants for broad-spectrum light which would erroneously activate the engineered light-

responsive switches. We have recently developed and successfully implemented the 

first two optogenetic systems for the control of gene expression in plant cells. The 

systems are regulated by red and green light and proved useful for the quantitative 

manipulation of hormone signalling pathways and recombinant protein expression 

control8,9. However, due to the spectral compatibility limitations described above or the 

need for co-factors difficult to administer to whole plants, these tools could only be 

applied in transiently transformed plant cells such as mesophyll protoplasts from 

Nicotiana tabacum or Arabidopsis thaliana, and the moss Physcomitrella patens which 

can be kept in the dark prior to the optogenetic experiment8–10. Despite their utility for 

transient signalling studies in cell culture, it is highly desirable to have an optogenetic 

tool functional in whole plants and being insensitive to broad-spectrum white light to 

harness the full potential of optogenetics in the plant kingdom. 
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Towards this goal, we set here to develop the first optogenetic system for the control 

of gene expression in plants that is silent under white light and can be active with 

monochromatic red light. The system, termed PULSE (Plant Usable Light-Switch 

Elements), comprises two engineered photoreceptors exerting a combined activity 

over the regulation of transcription initiation: one actively represses gene expression 

under blue light (BOff, Blue Light-repression) engineered from the EL222 

photoreceptor11, and the second one activates gene expression with red light (ROn, 

Red Light-activation) based on a Phytochrome B (PhyB) - PIF6 optoswitch8,10 (Fig. 1).  

We first engineered and characterized PULSE in protoplasts of Arabidopsis and later 

applied it in complex tissues, using Nicotiana benthamiana leaves as model system. 

PULSE provides quantitative and spatiotemporal reversible control over gene 

expression, achieving high induction rates (up to ca. 400-fold) while being Off under 

white light or in the dark. We developed a mathematical model to quantitatively 

characterize the dynamic behaviour of the system and guide designing experimental 

setups. We combined it with a plant transcription factor (TF) or a CRISPR/Cas9-

derived gene activator and showed its functionality for the light-controlled activation of 

target promoters. Furthermore, we applied PULSE to engineer light-inducible immunity 

in planta and tested its functionality in whole Arabidopsis plants. These results 

demonstrate the wide applicability of PULSE, opening up novel perspectives for the 

targeted spatiotemporal and quantitative study and control of plant signalling, genetic 

and metabolic networks as well as its implementation for biotechnological approaches. 

 

RESULTS  

Design, implementation, and test of the Plant Usable Light Switch-Elements 

(PULSE) in plant cells 
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PULSE is an integrated optogenetic molecular device, consisting of two components, 

a module providing activation of gene expression under red light (ROn) and a second 

one ensuring effective transcriptional repression under blue light (BOff) (Fig. 1). The 

rationale behind this new conceptual and experimental approach is that the 

combination of both switches will yield a system that is inactive in ambient growth 

conditions (light and darkness) and only active upon irradiation with red light. This 

enables full applicability in plants growing under standard light conditions.  

We first constructed a blue light-regulated gene repression switch BOff based on the 

transcription factor EL222 from the bacterium Erythrobacter litoralis11 which has a 

Light-Oxygen-Voltage (LOV) dependent motif and an Helix-Turn-Helix (HTH) domain. 

Upon blue light it binds as a dimer to the target DNA sequence C12012. BOff thus 

comprises (Fig. 2a): i) the constitutively expressed EL222 fused to a transcriptional 

repressor domain (REP), and ii) a reporter module driving the expression of a reporter 

gene (e.g. Firefly luciferase, FLuc) under the control of a synthetic tripartite promoter. 

The promoter comprises a quintuple-repeat target sequence for EL222, termed 

(C120)5, flanked by the enhancer sequence of the CaMV35S promoter and the minimal 

domain of the constitutive promoter hCMV. 

We evaluated three versions of the blue light-repressor module by fusing either of three 

different known transrepressor domains to the N-terminus of EL222, one from the 

human Krüppel Associated Box (KRAB)13,14 protein, and two from Arabidopsis, namely 

the B3 repression domain (BRD)15 and the EAR repression domain (SRDX)15 (Fig. 

2a). The functionality of the BOff optoswitches was assayed by transient co-

transformation with the reporter construct into Arabidopsis protoplasts. Constitutively 

expressed Renilla luciferase, RLuc, was included for normalization. The cells were 

illuminated for 18 h at different light intensities of blue light (0, 0.25, 0.5, 1, 5 and 10 

μmol m-2 s-1), and FLuc/RLuc activity was quantified (Fig. 2b). These blue light 
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intensities had no negative effect on protoplast performance. All three versions of the 

repressor modules were functional although with different efficiencies, yielding a range 

of repression levels (SRDX, 92%; BRD, 84%; and KRAB, 53%; at 10 μmol m-2 s-1 blue 

light). Based on the highest repression level and dynamic range achieved, we decided 

to use SRDX-EL222 as a trans-repressor module for all subsequent experiments.  

To allow gene induction with PULSE, we then combined the novel blue light-

repressible (BOff) module with our previously developed PhyB – PIF6 red light-inducible 

split transcription factor switch (ROn)8,10 (Fig. 3a). PULSE thus integrates: i) a 

constitutively expressed red light-activation module composed of PhyB-VP16 and E-

PIF6, ii) a constitutively expressed blue light-repressor module SRDX-EL222, and iii) 

a synthetic target promoter, POpto, integrating the binding domains for both switches, 

namely (C120)5 and (etr)8, upstream of a hCMV minimal promoter sequence driving 

the expression of a gene of interest. In the presence of blue or white light (a 

combination of blue, green, red and far-red wavelengths as present in ambient light) 

both photoreceptors PhyB and EL222 bind to POpto. The net result of the recruitment 

of the transcriptional activator and repressor near to the minimal promoter sets the 

system to the Off state. This also applies to darkness and far red-light conditions, as 

the red light-switch is rendered inactive under these wavelengths. Under any other 

illumination condition lacking the blue light component, SRDX-EL222 is unable to bind 

POpto and thus to repress transcription. The system is, however, exclusively in the On 

state upon monochromatic red light-illumination when the interaction between PhyB 

and PIF6 leads to the recruitment of the activation domain to the minimal promoter 

inducing gene expression (Fig. 3a). 

The PULSE system controlling FLuc expression was first introduced and tested in 

isolated Arabidopsis protoplasts (Fig. 3b). The plasmids coding for the Ron switch were 

co-transformed either with or without BOff, and the protoplasts were incubated for 18 h 
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under either red, blue, white or far-red light (as described in Methods). In the absence 

of the repressor module (equivalent to ROn), efficient activation of PhyB was observed 

by red light but also under blue and white, as UV and blue light (300 - 460 nm) also 

activate PhyB16,17. Upon addition of the BOff repressor module (PULSE system) we 

observed induction under red light treatment only, showing a high dynamic range, with 

up to 396.5-fold-induction rates relative to darkness, and a very low basal level of 

expression in blue and white light (1.7- and 1.6-fold, respectively). 

 

Development of a quantitative model to describe and predict the PULSE activity 

In order to quantitatively understand the dynamics and functional characteristics of 

PULSE and to guide the experimental design of future applications concerning optimal 

light quality, intensity, and duration, we developed an ordinary differential equations 

(ODE)-based quantitative mathematical model. To parameterize the quantitative 

model, we used kinetic mRNA and protein production data. The model was based on 

the following set of ODEs describing the changes in the molecule concentrations of 

the: 

 

blue-light sensitive, closed LOV complex  

d[LOVclosed](#

dt =	 			'off,LOV 	[LOVopen] − 'on,LOV)blue(#[LOVclosed]. (1) 

open LOV complex  

d[LOVopen](#

dt = 	−	'off,LOV 	[LOVopen] + 'on,LOV	)blue(#[LOVclosed]. (2) 

active PhyB complex, sensitive to red and far-red light with different rates  
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d[PhyBfr](#

dt =	 		'on,PhyB,red 	)red(#	[PhyBr] − 'off,PhyB,red 	)red(#	[PhyBfr] 	

+ 'on,PhyB,farred	)farred(#	[PhyBr] − 'off,PhyB,farred 	)farred(#	[PhyBfr] 	

− 	'off,PhyB,dark 	[PhyBfr]. 

(3) 

inactive PhyB complex, sensitive to red and far-red light with different rates  

d[PhyBr](#

dt = −	'on,PhyB,red 	)red(#	[PhyBr] + 'off,PhyB,red 	)red(#	[PhyBfr] 	

− 'on,PhyB,farred	)farred(#	[PhyBr] + 'off,PhyB,farred 	)farred(#	[PhyBfr] 	

+ 	'off,PhyB,dark 	[PhyBfr]. 

(4) 

mRNA of FLuc including basal transcription and degradation  

d[FLucmRNA](#

dt 	 = ,transcription 	− 'deg,FLucmRNA 	[FLucmRNA] 	

+
'transcript [PhyB

r
]

1 +	 	'inh,LOV

	[LOVopen]

	
. 

(5) 

FLuc protein including basal degradation  

d[FLuc](#
dt = 'transl,FLuc 	[FLucmRNA] − 'deg,FLuc 	[FLuc]. (6) 

 

Calibration of the model was performed using a maximum likelihood approach17 with 

time-series mRNA and protein FLuc measurements (Fig. 3c,d, Supplementary Fig. 

S1a) as well as light dose-response FLuc measurements (Supplementary Fig. 

S1b,c). The Supplementary Information provides a more detailed derivation of the 

model equations, error measurements, system parameters estimations and 

uncertainty analysis performed using the Data2Dynamics framework18. 

To parameterize the model, On-Off kinetic studies of the PULSE system were 

performed in protoplasts of A. thaliana by monitoring FLuc protein and mRNA levels 

(Fig. 3c,d). Protoplasts transformed for PULSE-controlled FLuc expression were kept 
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in darkness for 12 h. Illumination was started and after 3 h of red light-treatment, the 

samples were divided and incubated for the next 13 h: either i) in red light to quantify 

sustained activation, ii) transferred to darkness to assess the passive reversion of the 

system, or iii) transferred to blue light to determine active shut down of the system (On-

Off) (Fig. 3c). An increase of FLuc was observed under red light treatment while 

transfer to the dark or blue light led to termination of gene expression (faster and 

stronger under blue light). In addition, the latter samples (On-Off) were split after 6 h 

of blue light treatment further into blue and red light-incubation conditions (On-Off-On). 

Re-activation of gene expression was observed, demonstrating the reversibility of the 

system. Samples illuminated for the whole period (15 h) with blue light showed only 

background levels of expression. To determine mRNA kinetics (Fig. 3d), after 

transformation followed by 16 h of dark incubation, the protoplasts were illuminated 

for 4 h with red light and then transferred to blue light for additional  h. Samples 

were collected at the indicated time points and analyzed by RT-qPCR. 

In order to further characterize thresholds of time and intensity of red light illumination 

for protein production, endpoint measurements and dose-response experiments were 

performed (Supplementary Fig. S1a,b). As little as 15 min of 10 μmol m-2 s-1 red light 

treatment or very low intensities of red light (0.25 μmol m-2 s-1 for 18 h) was observed 

to be sufficient to strongly activate expression. Similarly, a blue light dose-response 

study, while keeping the red illumination constant, indicated that blue light-mediated 

repression overrides red light-mediated activation effects (Supplementary Fig. S1c). 

Application of the mathematical model to predict the behaviour of PULSE 

Next, we used the parameterized model to predict the experimental gene expression 

outcomes of the system as a function of different light intensities, wavelengths and 

illumination times.  
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The dynamic behaviour of PULSE was simulated at different red light-doses and 

illumination times and in the absence of blue light (Fig. 3e), or upon simultaneous 

irradiation with different red and blue light intensities for 12 h (Fig. Supplementary 

Fig. S2). The resulting heatmaps will aid in the experimental design by guiding the 

targeted selection of conditions to obtain a given expression level of interest (Fig. 3e,f, 

Supplementary Fig. S2). To illustrate this, PULSE was transformed into protoplasts 

and kept 12 h in the dark prior to incubation under six different combinations of red 

light intensities and illumination durations selected from the heatmap (Fig. 3e). Fig 3f 

shows the experimental validation of the model predictions, namely the FLuc/RLuc 

ratio for the indicated experimental conditions. The two experimental conditions varied 

are the red light intensity and the time of continuous red light illumination. There is a 

strong correspondence between predicted and experimental FLuc/RLuc determined 

values (χ2 = 405.93, p = 0.18) (Fig. 3f), which indicates the applicability of the model 

to determine the experimental conditions (light intensity and time ranges) needed to 

achieve a tight control over the levels of gene expression with PULSE. 

 

PULSE-controlled expression of CRISPR/Cas9-derived gene activator and plant 

transcription factors to regulate orthologous and endogenous promoters in 

Arabidopsis protoplasts 

We next set out to customize PULSE to achieve quantitative and temporally resolved 

control over the expression of genes from any given promoter of interest, be it 

orthologous, synthetic or endogenous (downstream activation). For this we devised 

two approaches applying PULSE: i) to induce the synthesis of a CRISPR/Cas9-derived 

gene activator, or ii) to induce expression of an endogenous TF. These expressed 

transcriptional activators, in turn, activate expression from a target orthologous  

promoter (Fig. 4a,b) or a target Arabidopsis promoter (Fig. 4c-f). The Cas9-derived 
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gene activator is targeted to its cognate promoter by an ad-hoc designed guide RNA, 

whereas the endogenous TF binds its natural target promoter. 

i) Optogenetic-controlled expression of a Cas9-derived gene activator 

To achieve optogenetic and customizable control of potentially any target promoter, 

PULSE was set to control expression of a nuclease-deficient Streptococcus pyogenes 

Cas9 protein fused to a strong activation domain (termed dCas9TV)19,20. In a first proof 

of principle application, PULSE-induced dCas9-TV was used to drive expression from 

the orthologous promoter, the Solanum lycopersicum dihydroflavonol 4-reductase 

promoter (PSlDFR) using FLuc as a quantitative readout in Arabidopsis protoplasts (Fig. 

4a). To target the promoter, a gRNA against the -150 bp region relative to the 

transcription start site (TSS) of PSlDFR was used20. PULSE-controlled dCas9-TV led to 

activation of the promoter only upon red illumination, achieving 24.5- and 40.0-fold 

induction rate compared to blue light and dark treatments, respectively (Fig. 4b). 

Constitutive expression of dCas9-TV served as a positive control yielding the 

maximum activation capacity of PSlDFR, 105.1-fold induction relative to the configuration 

without dCas9-TV (Supplementary Fig. S3a). In a second set up, optogenetically-

induced dCas9-TV targeted the promoter of the Arabidopsis gene APETALA1 (PAtAP1) 

which includes the 5’UTR and 2781 bp upstream of the TSS fused to the reporter FLuc 

(PAtAP1-FLuc) in a plasmid. A gRNA was designed to target the -100 bp region relative 

to the TSS of PAtAP1 (Fig. 4c). Red light induction of dCas9-TV yielded 17.9- and 14.1-

fold FLuc induction rates from the PAtAP1-FLuc construct compared to blue and dark 

illumination (Fig. 4e). Constitutive expression of dCas9-TV yielded a 28.6-fold 

induction relative to the configuration without dCas9-TV (Supplementary Fig. S3b). 
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ii) Optogenetically induced expression of the Arabidopsis transcription 

factor LEAFY 

For the second approach, we configured PULSE to drive the expression of the 

Arabidopsis transcription factor LEAFY (LFY) that is known to bind PAtAP1 and promote 

the expression of AP121. LFY and AP1 are involved in Arabidopsis flowering and both 

are expressed in the floral primordia. LFY was fused to the transactivator VP16 and 

RLuc using a self-cleaving 2A sequence, which yields equimolar amounts of both 

proteins from a single transcript22 (POpto-LFY-VP16-2A-RLuc). The luminescence 

determination of RLuc allows the indirect quantification of the amount of LFY protein 

synthesized (Fig. 4d). The plasmids coding for PULSE were co-transformed in 

Arabidopsis protoplasts either with or without the optogenetically inducible LFY, and a 

PAtAP1-FLuc target plasmid. RLuc luminescence values indicate expression of LFY-

VP16 upon red light treatment, while only basal levels were obtained upon blue light 

or dark treatment (17.5- and 26.6-fold induction, respectively). The red light-induced 

expression of LFY-VP16 led to activation of PAtAP1 and, therefore, FLuc expression 

achieving 31.4- and 7.4-fold induction rates compared to blue and darkness conditions, 

respectively (Fig. 4f, controls in Supplementary Fig. S3c; FLuc determinations of the 

configuration without LFY-VP16-2A-RLuc were used to quantify the background 

promoter levels and subtracted from the samples with LFY).  

 

In planta optogenetic control of gene expression with PULSE 

We next set to evaluate the functionality of PULSE in plants. For this, a new set of 

vectors was first designed and constructed for transformation via Agrobacterium 

tumefaciens with all necessary components in one binary plasmid. The vectors 

comprise a reporter gene under the control of PULSE (POpto), PULSE expressed under 

a constitutive promoter (either PCaMV35S or PAtUbi10), and optionally, a constitutively 
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expressed reporter gene as a normalization element and a plant selection cassette 

nptII which confers kanamycin resistance (for a full description of all vectors used see 

Supplementary Table S1).  

N. benthamiana leaves were transformed with a construct having a fluorescent protein 

gene as a reporter (Venus fused to histone H2B for nuclear localization, POpto-Venus-

H2B) placed under the control of PULSE. The performance of the system was 

analyzed using fluorescence microscopy. Constitutively expressed Cerulean fused to 

a nuclear localization sequence (NLS) was included as a marker for transformation. 

Infiltrated plants were placed in darkness for 2.5 days prior to illumination with red, 

blue, white light, or dark treatment. Samples were collected at different time points for 

analysis using confocal microscopy (Fig. 5a and Supplementary Fig. S4). Plots were 

generated after determining the Venus and Cerulean mean fluorescence intensities in 

nuclei (Fig. 5b). We observed an increase over time in the Venus/Cerulean ratio only 

in samples illuminated with red light (28.7-fold induction after 9 h), demonstrating 

expected activation characteristics of the system in planta. Additionally, PULSE control 

over a β-glucuronidase gene (Popto-GUS) is shown in Supplementary Fig. S5. 

 

In planta optogenetic induction of immunity and conditional subcellular 

fluorescent targeting of receptors 

In plants, signal integration of extracellular stimuli is predominantly mediated by 

membrane-resident receptor and transport complexes. To mechanistically understand 

their function, we require non-invasive inducible systems that allow transcriptional 

induction or complex formation with high temporal precision in order to reconstitute 

these functional entities in homologous as well as heterologous systems. To test this, 

we asked whether PULSE allows the generation of immune-competent leaf epidermal 

cells by introducing a heterologous pattern recognition receptor. 
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In Arabidopsis, the recognition of the bacterial microbe-associated molecular pattern 

(MAMP) elf18 by the plant innate immune EF-Tu Receptor (EFR) results in a fast and 

transient increase in cellular reactive oxygen species (ROS)23. By contrast, 

Solanaceae species such as N. benthamiana are devoid of EFR and therefore unable 

to perceive the elf18 peptide. However, genetic transformation of N. bethamiana and 

tomato (Solanum lycopersicum) with AtEFR allows these plants to recognize elf18 and 

confers increased resistance against phytopathogens such as Ralstonia 

solanacearum23,24. 

Optogenetic control of plant immunity 

To achieve optogenetically controlled induction of immunity we expressed an EFR-

GFP fusion protein under the control of PULSE (POpto-EFR-GFP) in N. benthamiana 

leaf epidermal cells (Fig. 6a). Illumination of leaves for 16 h with red light resulted in a 

clear GFP signal at the cell periphery indicating that EFR-GFP was successfully 

localized to the plasma membrane (Supplementary Fig. S6). To test whether 

optogenetically controlled EFR provides susceptibility of these cells towards elf18, we 

applied 1 μM of the elf18 ligand. Indeed, a strong and transient production of ROS was 

observed approximately 10  min after elf18 application in leaves that have been red 

light-treated (red filled circles; Fig. 6b). Quantitative assays showed 10-fold lower ROS 

burst triggered in white light-grown plants (black filled circles; Fig. 6b), demonstrating 

light-repression by PULSE under ambient light conditions. No responses were found 

in untransformed tissue and leaves expressing EFR but incubated in the absence of 

elf18. These data show that PULSE can be used for inducing physiological responses 

in planta in a time-controlled manner. 

Conditional targeting of receptors using nanobodies 

In mammalian cells, receptor complexes have been reconstituted and modulated using 

genetically encoded nanobodies25,26. Given their small size and their high-affinity 
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binding characteristics, nanobodies can be used to selectively target effector proteins 

to receptor complexes, to subcellularly relocalize proteins in a stimulus-dependent 

manner or to visualize endogenous proteins using fluorophore-tagged nanobodies. To 

test the applicability of PULSE for such experiments, we constitutively expressed the 

immune receptor EFR in N. benthamiana leaf epidermal cells and co-transformed a 

genetically encoded GFP nanobody (GFP binding protein, GBP) that binds GFP in 

plant cells27. To monitor receptor targeting, we additionally fused GBP to a mCherry 

fluorophore (GBP-mCherry). As the inducibility of effector delivery to receptor 

complexes will provide the basis for modulating their activity, PULSE provides a 

temporal control over GBP-mCherry expression (POpto-GBP-mCherry) and, therefore, 

conditionally controls nanobody targeting (Fig. 6c). While EFR-deficient cells 

illuminated with white light did not yield any detectable fluorescence, red light-induction 

of GBP-mCherry resulted in a cytosolic localization of the soluble protein. By contrast, 

red light-induced cells constitutively expressing EFR-GFP and co-transformed with 

POpto-GBP-mCherry showed an almost exclusive targeting of the fluorescently-tagged 

nanobody to the plasma membrane, indicating efficient binding of the GFP-tag by GBP 

(Fig. 6d). This demonstrates the ability to conduct time-resolved conditional targeting 

experiments by using a PULSE/nanobody combination allowing precision targeting of 

receptors and consequently modulating receptor complex composition and/or activity 

in future experiments. 

 

PULSE functionality in stable Arabidopsis transgenic lines  

To test the functionality of PULSE in whole plants, transgenic Arabidopsis lines were 

generated using the plasmids coding for PULSE and POpto-FLuc as a reporter. Different 

versions were engineered with either of two constitutive promoters controlling the 

expression of the three light switchable elements of PULSE, either PCaMV35S (BM00654) 
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or PAtUbi10 (BM00655). Seedlings of homozygous T3 plants were grown in media in a 

multi-well plate for 7 days, were incubated with luciferin and the luminescence was 

quantified while the plate was subjected to different light treatments as indicated in Fig. 

6e. Results for three independent PULSE lines (two with the PCaMV35S and one with the 

PAtUbi10 promoters) show different levels of expression with activation levels ranging 

from 10- to 372-fold, depending on the choice of promoters driving PULSE expression 

and the integration event of the transgene. For all lines, transfer from simulated white 

light to red light led to activation of expression, and subsequent reversion was achieved 

when the plants were moved back to white light (Fig. 6e), demonstrating reversibility 

of the system. This is the first example of an optogenetic tool controlling gene 

expression in whole plants, opening up unforeseen opportunities for plant research 

and biotechnology.  

 

DISCUSSION 

In this work, we pioneer the optogenetic control of gene expression in plants and apply 

it to manipulate synthetic and endogenous signalling pathways. 

In order to study and understand cellular processes, it is required to be able to achieve 

precise spatiotemporal and quantitative control over their regulation. Genetically 

encoded chemical-inducible systems have been widely employed for the targeted 

manipulation of gene expression and other signalling events in prokaryotic and diverse 

eukaryotic organisms, including plants28–30. However, they suffer from intrinsic 

drawbacks including limited temporal and spatial resolution due to the reduced 

availability of highly specific promoters, diffusion effects, and constrains to deactivate 

the system after the application of the inducer, in addition to potential pleiotropic activity 

and toxicity. Some of these experimental constraints can be solved by using light as 

an inducer. In this direction, recently, an optogenetic approach was developed to 
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overcome a plant intrinsic physiological conundrum. Namely, how to conserve water 

under hydric stress by minimizing transpiration, when this actually leads to a 

simultaneous reduction in the availability of the carbon source for photosynthesis – 

CO2 – due to the fact that both water and CO2 use the same gate for atmospheric 

exchange, the stomata. Genetic and molecular approaches used until now were not 

capable of improving water use efficiency without paying a cost at the level of carbon 

assimilation. Papanatsiou et al.31 hypothesized that by enhancing the performance of 

an endogenous process, i.e. improving stomatal response inducing a synergistic, 

faster response to changes of light, plants would be able to cope with a varying 

environment. For this, they resorted to a synthetic, blue light-gated K+ channel 

(BLINK1), engineered by integrating the LOV2-Jα domain from Avena sativa 

phototropin 1 with the viral Kcv channel for the control of K+ conductance in animal 

cells32. It was placed under the control of a tissue-specific promoter for guard cell 

expression in Arabidopsis plants. BLINK1 led to accelerated kinetics, with a reduction 

of mean stomatal opening and closure half-life times by 40-70% in comparison to wild 

type controls (specific full activation after 2 min in blue light and inactivation upon 8-10 

min in the dark). Faster stomatal movements improved gas exchange efficiency under 

fluctuating light conditions, resulting in more efficient water use without a trade-off in 

carbon assimilation. This tool profits from the fact that it is applied to a process that is 

photosynthesis-dependent therefore occurring already naturally under ambient light. 

The introduction of a broad set of optogenetic tools and approaches is currently 

revolutionizing fundamental and applied animal research. A plant´s requirement for 

light to grow, however, limits the implementation of optogenetic approaches, as 

ambient light leads to undesired activation of most currently available light-controlled 

systems. Consequently, most of the optogenetic tools are simply not applicable in 

plants. 
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We set here to engineer an optogenetic device for the control of gene expression in 

plants that overcomes these challenges, namely, that is non-responsive to ambient 

illumination conditions and can be activated by illuminating with a specific, narrow 

wavelength spectrum. The novel conceptual approach implements the design of a 

dual-wavelength optogenetic switch combining a blue light-regulated repressor with a 

red light-inducible gene expression switch. In this way, PULSE shuts expression off 

under ambient light, and induces transcription under red light only. In darkness the 

system is otherwise off.  

PULSE introduces the superior experimental assets of optogenetic systems into 

plants. The system showed a high dynamic range in Arabidopsis protoplasts with 

approximately a 400-fold (red light vs. darkness) induction, reversibility and no toxicity. 

PULSE is applicable for the targeted study of signalling and metabolic networks by, in 

principle, allowing the control of any endogenous or synthetic promoter of interest. This 

was exemplified with the light-driven expression of an endogenous TF, which in turn 

activates expression of its target promoter, or upon the use of a CRISPR/Cas9-derived 

transcriptional activator. In planta, implementation of PULSE demonstrated tight 

temporal control over subcellular conditional protein targeting, and the capability to 

induce immunity in N. benthamiana leaves. We show that the system is functional in 

Arabidopsis whole plants to control the expression of a transgene. It shows high 

dynamic ranges of expression when activated with red light and the expression is 

terminated upon returning the plants to white light showing that the system is 

reversible. The transgenic PULSE lines are viable and the transgenes stable (T3 

generation). PULSE could in the future be combined with tissue-specific promoters for 

organ or developmentally specific expression and activity, as currently done for 

genetically encoded biosensors and other tools. When using different promoters, the 
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dynamic range of induction might be affected (Fig 6e), therefore possibly making 

usage-specific optimizations necessary. 

It is worth noting that by using only the N-terminus of PhyB (amino acids 1-650) and 

the first 100 amino acids of PIF6, we intend to minimize potential interactions of the 

system with endogenous plants components (EL222 is of bacterial origin, therefore, 

we do not expect any considerable effect on plant signalling). However, we cannot rule 

out a possible cross-talk with the endogenous signalling (PhyB) pathway when 

introducing PULSE into plants, this is an unavoidable cost to pay in exchange of getting 

a new functionality as it is also the case when using chemically inducible switches or 

genetically encoded biosensors, e.g. auxin DII-Venus sensor33. All in all, this is the first 

example of an optogenetic tool controlling gene expression applied in planta, showing 

the potential of the switch for future applications.  

This work reflects the ground-breaking opportunities for plant fundamental and 

biotechnological fields provided by optogenetics. Due to the high quantitative 

modulation, spatiotemporal resolution and the reversible control capabilities provided, 

we think that a generalized application of PULSE will facilitate the targeted 

manipulation and study of biological processes including plant development, metabolic 

engineering, hormone perception and signalling, and stress responses. 
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METHODS  

Plasmid construction  

A description of the plasmid construction can be found in Supplementary Table S1. 

DNA fragments were released by restriction from existing plasmids, amplified by PCR 

using primers synthesized by Sigma Aldrich or Eurofins genomic (listed in 

Supplementary Table S2), or synthesized by GeneArt, Invitrogen. The PCR reactions 

were performed using Q5 High-Fidelity DNA Polymerase (New England Biolabs). Gel 

extractions were performed using NucleoSpin® Gel and PCR Clean-up kit (Macherey-

Nagel), or Zymoclean Gel DNA Recovery Kit (Zymo Research). Assemblies were 

performed using either Gibson34, AQUA35, GoldenBraid36 or Golden Gate37,38 cloning 

methods prior to transformation into chemically competent Escherichia coli strain 10-

beta (NEB) or TOP10 (Invitrogen). The plasmid purifications were performed using 

Wizard® Plus SV Minipreps DNA Purification Systems (Promega), NucleoBond® Xtra 

Midi kit (Macherey-Nagel) or GeneJET Plasmid Miniprep Kit (Thermo Scientific). All 

preparations were tested by restriction enzyme digests and sequencing (GATC-

biotech/SeqLab). All restriction enzymes were purchased from New England Biolabs 

or Thermo Scientific. 

Arabidopsis protoplast isolation and transformation  

Protoplasts were isolated from two- to three-week-old Arabidopsis thaliana plantlet 

leaves, grown on 12 cm square plates containing SCA medium (0.32 % (w/v) Gamborg 

B5 basal salt powder with vitamins (bioWORLD), 4 mM MgSO4·7H2O, 43.8 mM 

sucrose and 0.8% (w/v) phytoagar in H2O, pH 5.8, autoclaved, 0.1 % (v/v) Gamborg 

B5 Vitamin Mix (bioWORLD), in a 23 °C, 16 h light - 8 h dark regime. A floatation 

method was employed for isolation and the plasmids were transferred by polyethylene 

glycol-mediated transformation as described before10. Shortly, plant leaf material was 

sliced with a scalpel and incubated in dark at 23 °C overnight in MMC solution (10 mM 
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MES, 40 mM CaCl2·H2O, mannitol 85 g L-1, pH 5.8, sterile filtered) containing 0.5 % 

cellulase Onozuka R10 and macerozyme R10 (SERVA Electrophoresis GmbH). After 

release of the protoplasts with a pipette, the suspension was transferred to a MSC 

solution (10 mM MES, 0.4 M sucrose, 20 mM MgCl2·6H2O, 85 g L-1 mannitol, pH 5.8, 

sterile filtered) and overlaid with MMM solution (15 mM MgCl2, 5 mM MES, 85 g L-1 

mannitol, pH 5.8, sterile filtered). The protoplasts were collected at the interphase and 

transferred to a W5 solution (2 mM MES, 154 mM NaCl, 125 mM CaCl2·2H2O, 5 mM 

KCl, 5 mM glucose, pH 5.8, sterile filtered) prior to counting in a Rosenthal chamber. 

Mixtures of the different plasmids, as described in the figures, to a final amount of 30-

35 μg DNA were used to transform 500,000 protoplasts by dropwise addition of a PEG 

solution (4 g PEG4000, 2.5 mL of 0.8 M mannitol, 1 mL of 1 M CaCl2 and 3 mL H2O). 

After 8 min incubation, 120 μL of MMM and 1,240 μL of PCA (0.32 % (w/v) Gamborg 

B5 basal salt powder with vitamins (bioWorld)), 2 mM MgSO4·7H2O, 3.4 mM 

CaCl2·2H2O, 5 mM MES, 0.342 mM L-glutamine, 58.4 mM sucrose, 80 g L−1 glucose, 

8.4 μM Ca-panthotenate, 2 % (v/v) biotin from a biotin solution 0.02 % (w/v) 0.1 % (v/v) 

in H2O, pH 5.8, sterile filtered, 0.1 % (v/v) Gamborg B5 Vitamin Mix, 64.52 μg μL-1 

ampicillin) were added to get a final volume of 1.6 mL of protoplast suspension.  

After transformation, protoplasts were then divided in different 24-well plates in 960 μL 

aliquots (300,000 protoplasts-necessary to measure six technical replicates for both 

FLuc and RLuc) or in 640 μL aliquots (200,000 protoplasts-necessary to measure 4 

technical replicates for both FLuc and RLuc). Afterwards, the plates were either 

illuminated with LED arrays with the appropriate wavelength and intensity (as indicated 

in the figures) for 18 - 20 h at 19 - 23 °C unless indicated otherwise.  

Illumination conditions 

Custom made LED light boxes were used as described before10,39. The panels contain 

LEDs from Roithner: blue (461 nm), red (655 nm), far-red (740 nm) and white LEDs 
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(4000K). For blue, red or far-red light treatment, the intensity was adjusted to 10 μmol 

m-2 s-1 unless indicated otherwise. White LEDs were supplemented with blue and far-

red LEDs in order to have an equivalent ratio of blue, red and far-red light similar to 

the sunlight spectra (simulated white light). The intensity of the white light LED was 

adjusted to 10 μmol m-2 s-1 for the following wavelength ranges: blue 420 - 490 nm, 

red 620 - 680 nm, and far-red 700 - 750 nm40 (see spectra shown in Supplementary 

Fig. S7). For the Nicotiana benthamiana GUS experiment the plants were kept, prior 

light treatment, in the plant incubator with fluorescent tubes (cool daylight, OSRAM). 

Cell- and plant- handling and sampling were done, when needed, under green LED 

(510 nm) light which does not affect the PULSE system. Spectra and intensities were 

obtained with a spectroradiometer (AvaSpec-ULS2048 with fiber-optic FC-UVIR200-

2, AVANTES).  

Luciferase protoplasts assay 

Firefly (FLuc) and Renilla luciferase (RLuc) activities were quantified in intact 

protoplasts as detailed elsewhere10. Six technical replicates of 80 μL protoplast 

suspensions (approximately 25,000 protoplasts) were pipetted into two separate 96-

well white flat-bottom plates (Costar) for simultaneous parallel quantification of both 

luciferases. Addition of 20 μL of either FLuc substrate (0.47 mM D-luciferin (Biosynth 

AG), 20 mM tricine, 2.67 mM MgSO4·7H2O, 0.1 mM EDTA·2H2O, 33.3 mM 

dithiothreitol, 0.52 mM adenosine 5′-triphosphate, 0.27 mM acetyl–coenzyme A, 5 mM 

NaOH, 264 μM MgCO3·5H2O, in H2O, pH 8), or RLuc substrate (0.472 mM 

coelenterazine stock solution in methanol, diluted directly before use, 1:15 in 

phosphate buffered saline, PBS) was performed prior luminescence determination in 

a plate reader (determination of 20 min kinetics, integration time 0.1 s). RLuc 

luminescence was measured with a BertholdTriStar2 S LB 942 multimode plate reader 

and FLuc luminescence was determined with a Berthold Centro XS3 LB 960 microplate 
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luminometer. When applicable, FLuc/RLuc was determined and the average of the 

replicates and SEM was plotted (n = 4 - 6).  

RNA isolation and quantitative RT-qPCR  

Protoplasts were isolated and transformed as described before. The protoplasts were 

kept in the dark, at room temperature for 16 h prior illumination treatment. At the 

indicated time point and illumination condition, samples containing ca. 106 protoplasts 

were collected by centrifugation (10 min, 100 g) and were frozen in liquid N2 for 

posterior RNA extraction. The RNA was extracted with a PeqGold Plant RNA kit 

following the user specifications. The samples were treated with DNase I (Thermo 

Scientific). The cDNA was synthesized from 500 ng of the RNA samples, using the 

Revert Aid Reverse Transcriptase (Thermo Scientific) and diluted 1:100 prior to qPCR. 

Expression levels on the samples were measured in duplicates using SYBR® Green 

Master Mix (Bio-Rad) with specific primer pairs in a Real-time PCR cycler CFX96 (Bio-

Rad) as described before41. A DNA mass standard for each gene was prepared in 

serial dilutions of 102 to 107 copies and measured in parallel with the samples. The 

gene Tip41-like family protein (At4g34270) was used as an internal reference gene. 

Starting quantity values of the samples were calculated using the mass standard curve 

and normalized with the internal reference gene. Primer pairs used to amplify the DNA 

mass standard are oROF422/oROF423 for FLuc and oROF518/oROF519 for Tip41-

like. Specific primer pairs used for the qPCR are oROF424/oROF425 for the FLuc 

gene and oROF514/oROF515 for Tip41-like gene (Supplementary Table S2). 

Agrobacterium tumefaciens transformation 

Electro-competent Agrobacterium tumefaciens strains C58 (pM90), GV3101 (pM90), 

containing pSOUP helper plasmid, or AGL1 was transformed with the plasmid of 

interest. Clones growing in YEP media (10 g L-1 yeast extract, 10 g L-1 bacto peptone, 

5 g L-1 NaCl, pH 7.0) supplemented with appropriate antibiotics were selected and 

genes Tip41-like family protein, Tip41L (At4g34270), and elongation factor, EF 

(At5g19510), were used as internal reference genes. Starting quantity values of the 

samples were calculated using the mass standard curve and normalized with the 

reference genes. Primer pairs used to amplify the DNA mass standard were 

oROF422/oROF423 for FLuc, oROF518/oROF519 for Tip41L, and EF STD 5’/3’41 for 

EF. Specific primer pairs used for the qPCR were oROF424/oROF425 for the FLuc 

cDNA, oROF514/oROF515 for Tip41L cDNA, and EFc RT 5’/3’41 for EF cDNA 

(Supplementary Table S2). 
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each transcriptional unit was confirmed by colony PCR using Q5 DNA polymerase 

(New England Biolabs). 

Transient transformation of Nicotiana benthamiana plants 

A. tumefaciens cultures were adjusted to OD600nm = 0.1 - 0.2 in infiltration medium (10 

mM MgCl2,10 mM MES, 200 μM acetosyringone, in H2O, pH 5.6). The cultures were 

mixed in a volume ratio 1:1 with an A. tumefaciens culture coding for the RNA silencing 

suppressor p19. The cultures were incubated for 3 h at room temperature in the dark 

prior infiltration through the adaxial part of leaves from 4- to 5-week old N. benthamiana 

grown in the greenhouse as described before42. The plants were incubated for 2-3 

days in the indicated illumination conditions prior to light treatment and analysis by 

microscopy or enzymatic GUS reporter assay.   

GUS reporter assay in Nicotiana benthamiana leaves 

After the illumination of the plants as depicted in the Supplementary Fig. S5, two disks 

of 0.8 cm diameter from different leaves for each illumination treatment were cut and 

incubated on GUS substrate (100 mM Na2HPO4, 100 mM NaH2PO4, adjusted to pH 

7.0, 2 mM K3Fe(CN)6, 2 mM K4Fe(CN)6, 2 mM X-Gluc, 0.20 % Triton X-100, in H2O) 

for 3 h at 37°C in dark43. The stained disks were washed several times with 70% 

ethanol to remove the chlorophylls and the pictures were taken with a Nikon D3200 

camera.  

Confocal imaging of Nicotiana benthamiana leaf material 

For the experiments of optogenetically controlled Venus, transformed plants were 

incubated for 2.5 days in the dark and afterwards illuminated for 2 h, 6 h or 9 h with 

the appropriate wavelength as indicated in Fig. 5a,b and imaged with a LSM 780 Zeiss 

laser scanning confocal microscope. The constitutive Cerulean was excited with a 

Diode 405-30 at 405 nm. The optogenetically controlled Venus expression was excited 

with an Argon laser at 514 nm. The emission was detected at 440-500 nm for Cerulean 
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and 516-560 nm for Venus. The fluorescence intensities of nuclei were quantified using 

ImageJ. For each nucleus, an area was selected by using the elliptical selection tool 

and the mean grey values of the Cerulean and Venus channels were measured, 

respectively. The ratio of Venus and Cerulean was calculated and expressed in 

percentage, and plotted for 12 - 34 nuclei.  

For the experiments of conditional targeting and immunity control, N. benthamiana 

were grown for 2 d in 16 h simulated white light – 8 h dark cycle (see Supplementary 

Fig. S7), hereafter half of the plants were grown for 16 h in red light only to induce 

expression (red light-induced), the other half were grown in simulated white light for 16 

h (white light control). The white light control plants were further grown for 16 h after 

the experiments in red light to induce expression as control for successful 

transformation. Samples were taken for confocal observation. Confocal laser scanning 

microscopy was performed with a Leica SP8 confocal microscope using a 20×/0.75 

HC PL APO CS IMM CORR lens with a scanning speed of 200 Hz. EFR-GFP and 

GBP-mCherry were excited with a white light laser at 488 nm and 561 nm, respectively. 

The emission was detected at 500 - 550 nm for GFP and 575 - 630 nm for mCherry.   

Reactive oxygen species (ROS) burst assay 

Samples were collected from N. benthamiana leaves transformed with the indicated 

constructs or only infiltration buffer (two plants were used for each illumination 

treatment). ROS production was determined using a BMG CLARIOstar plate reader 

and following the protocol by Trujillo et al. 44 for Arabidopsis leaves with the following 

modifications: samples were prepared with a 4 mm biopsy puncher and placed in 150 

μL sterile tap water for 3 h in dark to get rid of any ROS production originating from the 

sample harvest before elf18 or control treatment. Approximately 20 min before addition 

of 1 μM elf18, water was removed from leaf samples and replaced with reaction 

solution44, incubated for ca. 3 min before background measurement of ROS production 
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was performed for ca. 15 min followed by addition of reaction solution with elf18 or 

without (mock control).  

Stable transformation of Arabidopsis thaliana 

Four to five week old A. thaliana ecotype Columbia plants grown in a plant chamber 

(16 h light – 8 h dark, 22°C) were transformed via Agrobacterium tumefaciens by floral 

dip as described earlier45 with minor modifications. Agrobacterium cells transformed 

with the corresponding plasmids were grown to OD600nm values between 0.6 and 0.9, 

centrifuged and gently resuspended in 2.4 g/L Murashige & Skoog medium including 

vitamins (Duchefa Biochemie), 5% (w/v) sucrose, 0.05% (v/v) Silwet L-77 (bioWORLD) 

and 222 nM 6-Benzylaminopurine (Duchefa Biochemie).  

Transformants were selected by seeding in SCA plates (0.32 % (w/v) Gamborg B5 

basal salt powder with vitamins (bioWORLD), 4 mM MgSO4·7H2O, 43.8 mM sucrose, 

0.8 % (w/v) phytoagar, 0.1 % (v/v) Gamborg B5 Vit Mix (bioWORLD), pH 5.8) 

containing 30 μg mL-1 kanamycin (Duchefa Biochemie) and 150 μg mL-1 ticarcillin 

disodium/potassium clavulanate (Duchefa Biochemie). The positive T1 plants were 

checked for expression of the reporter/normalization gene when possible, and the T2 

seeds were collected and selected in kanamycin containing media. The lines exhibiting 

a segregation ratio 3:1 (resistant to sensitive) were propagated to a T3 generation and 

homozygous lines were selected and used for further experiments.  

Luciferase assay in Arabidopsis thaliana plants 

Seeds (n = 26 - 28 for the PULSE lines, n = 6 - 8 for the controls) from every A. thaliana 

line were seeded in individual wells of white 96-well white flat-bottom plates (Costar), 

containing 200 μL of 2.4 g L-1 Murashige & Skoog medium including vitamins (M0222, 

Duchefa Biochemie ) and 0.8 % (w/v) phytoagar (bioWORLD). They were kept for 3 - 

4 days at 4°C in the dark, and illuminated for 1 h with simulated white light (see spectra 
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in Supplementary Fig. S7) on the fourth day. Then the plate was placed in simulated 

white light with photoperiod (16 h light – 8 h dark) for 4 days. Addition of 20 μL of FLuc 

substrate 1.667 mM D-luciferin (from a 20 mM stock in DMSO, Biosynth AG) and 0.01 

% Triton in H2O was performed on the fourth day prior to starting the measurements. 

The plate was sealed with an optically clear film (Sartedt) thinly perforated. 

Luminescence was measured, 1 - 2 days after addition of the substrate, in a Berthold 

Centro XS3 LB 960 microplate reader every hour during several days (1 min delay, 0.5 

integration time) while being illuminated as indicated. Seedlings that did not germinate 

were excluded. The background readout levels of Arabidopsis wildtype seedlings were 

averaged, and the value was subtracted from the rest of the lines for each time point. 

Statistical analysis 

Data shown in the figures are representative experiments, the sample number per 

experiment is indicated in each corresponding figure. Plotting and statistical tests were 

performed with GraphPad software. 
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Figure Legends 

 

Fig. 1. Design of PULSE, a functional optogenetic system for the control of gene 

expression in plants grown under light/dark cycles. Plants require light to grow and this 

poses an experimental challenge to the implementation of optogenetic switches in 

plants as they will be activated under ambient conditions. To avoid this issue, we 

designed PULSE (Plant Usable Light Switch-Element), an optogenetic tool that 

combines a blue light-regulated repressor (BOff) with a red light-inducible gene-

expression switch (ROn). In this way gene expression is active only upon illumination 

with monochromatic red light, while remaining inactive in darkness and under blue, far-

red, and white light, hence being applicable to plants grown under day/night cycles. 

(+), presence; (-), absence. 

 

Fig. 2: Design and characterization of the blue light-regulated gene repression switch 

(BOff) in Arabidopsis protoplasts. (a) Constructs and mode of function. The components 

engineered and characterized in plant cells are: i) the blue light-responsive E. litoralis 

photoreceptor EL222 fused to either of three different repressor (REP-EL222) 

domains: KRAB, BRD, SRDX and placed under the control of the constitutive promoter 

PCaMV35S, ii) a synthetic promoter composed of the enhancer region of PCaMV35S, five 

repeats of C120 - (C120)5 - and a minimal promoter PhCMV, driving the expression of 

the reporter gene FLuc, and iii) PCaMV35S driving the constitutive expression of the 

normalization element RLuc. The transcription factor EL222 has a Light-Oxygen-

Voltage (LOV) dependent domain and a Helix-Turn-Helix (HTH) domain. The 

photoreceptor is folded in the dark due to a flavin-protein adduct and incapable of 

binding to the (C120)5 element. As a result, expression of FLuc is constitutively active. 

Upon blue light illumination REP-EL222 unfolds allowing the formation of dimers 
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binding to the (C120)5 element via the HTH. As a result, the initiation of FLuc 

transcription is repressed. (b) Characterization of the system. Arabidopsis protoplasts 

were transformed with the reporter module (pROF402) and the blue light-responsive 

element (photoreceptor, EL222) fused to either repressor: KRAB (pROF018), BRD 

(pROF050), and SRDX (pROF051) or without the optoswitch (∅,	 stuffer plasmid). 

Constitutively expressed RLuc (GB0109) was included for normalization. After 

transformation, protoplasts were kept in darkness or illuminated with different 

intensities of blue light (0.25, 0.5, 1, 5, 10 μmol m-2 s-1), and FLuc and RLuc were 

determined after 18 h. Shown data are the mean FLuc/RLuc ratios. Error bars indicate 

standard error of the mean (SEM), n = 6. RLU = Relative Luminescence Units. NLS = 

Nuclear Localization Sequence. 

 

Fig. 3: Molecular design, functional and model-based characterization of PULSE. (a) 

Mode of function of PULSE and constructs. The constructs are: i) the blue light-

responsive element EL222 fused to the SRDX repressor domain, placed under the 

control of the constitutive promoter PCaMV35S (BOff), ii) the red light-activated, far-red 

light-inactivated (reversible) split switch comprising the first 650 amino acids of the 

PhyB photoreceptor (PhyB1-650) fused to the VP16 transactivation domain, and the 

macrolide repressor DNA-binding protein E 8mphR(A) fused to the first 100 amino 

acids of PIF6 (PIF1-100)8 (ROn). The two modules of the switch are constitutively 

expressed from the promoter PCaMV35S, iii) a synthetic promoter POpto comprising eight 

repeats of the target sequence of the protein E, etr - (etr)8 -, five repeats of C120 - 

(C120)5 -, and the minimal promoter PhCMVmin, driving the expression of the reporter 

gene FLuc, iv) the normalization element RLuc expressed constitutively from PCaMV35S. 

Under white/ambient light or blue light, SRDX-EL222 dimerizes and binds the (C120)5 

element through the HTH domain. Under these conditions PhyB is also active (PhyBfr), 
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due to the blue and red light components of white light16,17, and therefore able to 

interact with PIF6, which is bound to (etr)8 through the E protein. In consequence there 

is recruitment of both the transactivator VP16 and the transcriptional repressor SRDX 

to the minimal promoter, resulting in no expression of FLuc as the repressor has a 

dominant effect on gene expression (left). In darkness or in far-red light EL222 and 

PhyB are in the inactive form (PhyBr), therefore, both are unable to bind to POpto, 

resulting in no FLuc transcription (middle). There is induction of FLuc expression only 

under monochromatic red light, in which EL222 is inactive and PhyB is in its active 

conformation binding PIF6 (right). (b) Functional characterization of PULSE in 

Arabidopsis protoplasts. Protoplasts were transformed with the ROn module (pMZ827, 

pMZ828), the reporter POpto-FLuc (pROF021) and either with the BOff module 

(pROF051, PULSE system complete) or without BOff (stuffer plasmid, equivalent to the 

ROn system alone). The normalization element (GB0109) is additionally included. 

Protoplasts were kept in the dark or illuminated with white LEDs adjusted to simulate 

ambient light (see Supplementary Fig. S7 and Methods), or 10 μmol m-2 s-1 of redλmax 

655 nm, blueλmax 461 nm, or far-redλmax 740 nm light. Data shows mean FLuc/RLuc ratios 

determined 18 h after illumination, SEM (n = 6). (c,d) Quantitative characterization of 

On-Off FLuc expression kinetics. Protoplasts of Arabidopsis were transformed with 

PULSE and first kept in the dark, 12 h for protein (c) and 16 h for mRNA (d) 

determination assays. Samples were afterwards illuminated with either 10 μmol m-2 s-

1 of red or blue light, or kept in darkness for the indicated time periods. Arrows indicate 

the time point where the samples were split into different illumination conditions for 

response and reversibility analyses, e.g. red to dark, red to blue (On-Off), red to blue 

to red (On-Off-On). Samples were collected every 3 h for 15 h for FLuc and RLuc 

determinations in a plate reader; and at 15 min, 30 min, 1 h, 2 h, 4 h, 4 h 15 min, 4 h 

30 min, 6 h, 7 h for RT-qPCR determinations of mRNA production. The curves are the 
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fits to the ODE-based model. The shaded areas represent the error bands as 

calculated in 95% confidence intervals with a constant Gaussian error model using the 

profile likelihood method. Depicted are the FLuc/RLuc ratios for protein expression 

kinetics, (n = 6) (c), and the starting quantity (SQ) of FLuc  

internal control  , of two technical replicates (d). (e) Model aided 

prediction of PULSE-controlled protein expression levels as a function of red light 

intensities and illumination times. The calibrated model yields estimated 

FLuc/RLuc expression ranges (heatmap). (f) Experimental validation of the 

model predictions of the operating range of PULSE. Selected model simulated 

expression levels at different red light intensities and illumination times as indicated 

in (e) were experimentally tested and the resulting FLuc/RLuc ratios (2xSEM, n 

= 6) were compared to the predicted values (error bars calculated as in (c,d)). 

RLU = Relative Luminescence Units. NLS = Nuclear Localization Sequence. 

Fig. 4: PULSE-controlled expression of a Cas9-derived gene activator (dCas9-TV) and 

an Arabidopsis transcription factor for the targeted activation of target promoters in 

Arabidopsis protoplasts. (a,b) Optogenetically controlled dCas9-TV expression to 

activate a target orthologous promoter. In the presence of PULSE, dCas9-TV is 

expressed from POpto-dCas9-TV only under red light. dCas9-TV targets the orthologous 

PSlDFR promoter via a gRNA (a). Activation of PSlDFR-FLuc is quantified through the 

reporter FLuc, and RLuc is used for normalization (b). Data shown are means of 

FLuc/RLuc ratio, SEM (n = 4) (b). (c-f) Optogenetic control of an Arabidopsis plant 

promoter from a plasmid construct (PAtAP1-FLuc). In a first approach, PULSE is co-

transformed with POpto-dCas9-TV, a gRNA directed specifically to the AtAP1 promoter 

sequence and the PAtAP1-FLuc construct (c). Activation of PAtAP1-FLuc is quantified 

through the reporter FLuc, and RLuc is used for normalization (e). Data shown are 

36 
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means of FLuc/RLuc ratio, SEM (n = 4) (e). In a second approach, PULSE controlled 

the expression of the transcription factor LFY-VP16, from the POpto-LFY-VP16-2A-

RLuc construct. RLuc is co-expressed (via a 2A self-cleaving peptide) and used as a 

proxy of LFY-VP16 expression. LFY binds the PAtAP1 promoter hence activating FLuc 

expression from the PAtAP1-FLuc construct (d). FLuc and RLuc determinations in 

protoplasts co-expressing PULSE, POpto-LFY-VP16-2A-RLuc (stripped bars) and 

PAtAP1-FLuc (solid bars) under different light conditions, SEM (n = 4) (f). Data shown 

are means of RLuc, and means of FLuc after subtraction of background values 

(configuration without POpto-LFY-VP16-2A-RLuc). (b,e,f) The protoplasts were 

incubated in darkness, red or blue light, and luminescence determinations performed 

after 18 h. RLU = Relative Luminescence Units. 

 

Fig. 5: Implementation and characterization of PULSE in Nicotiana benthamiana 

leaves. Plants infiltrated with PULSE, POpto-Venus and a constitutively expressed 

Cerulean cassette (pROF346) were kept in dark for 2.5 days prior to light treatment for 

2 h, 6 h, 9 h (10 μmol m-2 s-1 of red light, 10 μmol m-2 s-1 of blue light, simulated white 

light, or darkness (as described in Supplementary Fig. S7 and Methods). (a) 

Samples were taken at indicated time points for fluorescence confocal microscopy 

observation. (b) Data shown are the ratio of nuclear Venus and Cerulean fluorescence 

intensities, 12 ≤ n ≤ 34. The horizontal line in the box represents the median and the 

statistical significance is determined by a one way-ANOVA and Dunnett’s multiple 

comparison test (**p < 0.01, ***p < 0.001, ****p ≤ 0.0001, ns not significant).  

 

Fig. 6: In planta optogenetic heterologous induction of immunity and conditional 

subcellular targeting of receptors, and functionality in stable Arabidopsis transgenic 

lines. (a,b) PULSE-controlled conditional gain of immunity in planta. N. benthamiana 

6 



 

  

cvi 

 
 38 

leaves were infiltrated with PULSE and POpto-EFR-GFP. Two plants were used for each 

illumination condition. Four disks from one leaf of each plant were collected and treated 

with 1 μM elf18 or mock previous to ROS quantification. Data shown are luminescence 

mean values, SEM (n = 8). (c,d) Conditional targeting of receptors by optogenetically 

controlled expression of a nanobody (GBP-mCherry). The figure shows representative 

results of N. benthamiana leaves infiltrated with PULSE, POpto-GBP-mCherry, and 

PCaMV35S-EFR-GFP and with different illumination treatments prior to observation in the 

fluorescence confocal microscope. As a control plants were infiltrated with PULSE and 

POpto-GBP-mCherry. (b,d) Plants were kept in standard growth conditions (16 h 

simulated white light – 8 h dark) for 2 d prior to induction with 10 μmol m-2 s-1 red light 

for additional 16 h (white light illumination was used as control). (e) PULSE functionality 

in whole plants. Stable Arabidopsis transgenic lines transformed with PULSE 

controlling Popto-FLuc, were seeded in a white 96-well plate with plant growth media. 

Transgenic plants constitutively expressing FLuc and wild type plants were used as 

positive and negative controls, respectively. After 8 d, luminescence determinations in 

a plate reader started with data points taken every hour for over 4 days while the plate 

was under illumination as indicated (simulated white light and red light as described in 

Supplementary Fig. S7 and Methods). Three different independent homozygous 

PULSE lines were tested with the components under the control of the CaMV35S – 

PULSE (PCaMV35S) + POpto-FLuc #4 and #6 – and AtUbi10 – PULSE (PAtUbi10) + POpto-

FLuc #2 – constitutive promoters. n = 25 – 26 for PULSE lines and n = 6 – 7 for the 

controls. The determinations of six wild type seedlings at each time point were 

averaged and subtracted from the measurements of the lines. Plotted data are 

averages and SEM. RLU = Relative Luminescence Units. 
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Supplementary Information. Development and calibration of the mathematical model 

 

1. Describing PULSE with a mathematical model 
We developed a mathematical model to describe the complex dynamical changes of 

the optogenetic PULSE system systematically. The modelling is performed by creating 

a model of the system using kinetic rate equations. These equations describe the 

dynamics underlying the entire system with ten dynamic parameters. 

Experimental limitations make it impossible to measure all concentrations at play. Only 

the FLuc protein levels as well as FLuc-mRNA levels can be measured. Thus, by only 

inferring parameters from single experiments, the processes underlying the 

optogenetic activation and repression cannot be described reliably. For this reason, 

we used a comprehensive approach, in which all experiments are used as joint basis 

to infer parameters from the model. Using this approach makes it possible to infer all 

parameters and their uncertainties. This methodology has been widely used and is the 

standard in the field1–4. 

In order to use this approach, the experimental data under different conditions have to 

be made comparable, thus a scaling parameter is included for each experimental 

dataset. These scaling parameters were estimated together with dynamical 

parameters and the initial concentration of FLuc. 

Including the error estimation, this leads to 24 parameters, which were inferred 

simultaneously from all experimental data, making it possible to describe the 

optoswitch with reliably determined parameters. 

In the following, the modelling process is described in detail. In Section 2, the 

mathematical model with its equations will be derived, while in Section 3, the 

methodology of the parametrization and uncertainty analysis of the model is 

introduced. Furthermore, Section 4 characterizes the link to the experimental data and 
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Sections 5 and 6 show the results of the parameter estimation and the predictions of 

the model. 

 

2. Derivation of the mathematical model 

We derive a mathematical model for PULSE in the following chapter based on ordinary 

differential equations. 

The EL222 photoreceptor consists of the LOV-Jα-HTH domains (LOV) and has a light-

dependent transitioning behaviour between its two conformations. It transitions to its 

folded state LOVclosed	 with a constant rate koff,LOV and unfolds into its active open state 

LOVopen under blue light (460 nm) with the rate kon,LOV Ibluet), dependent on the light 

intensity 

LOVclosed 	

koff,LOV
$⎯⎯⎯&

kon,LOVIblue(t)
'⎯⎯⎯⎯⎯⎯⎯⎯(

	LOVopen.  

The interaction factor PhyB-VP16 is similarly light-dependent. The light-sensitive 

Phytochrome B (PhyB) has two conformational states, an active state sensitive to far-

red light PhyBfr in which it can bind to PIF6 as well as an inactive state sensitive to red 

light PhyBr. A constant revision from the active to the inactive state is modelled 

PhyBfr 	
koff,PhyB,dark
'⎯⎯⎯⎯⎯⎯⎯( PhyBr, 

 

therefore, in the dark all of the complex will be in its inactive state. 

Under both far-red light (740 nm) in the infrared spectrum as well as red light (660 nm) 

the two conformations exhibit probabilistic conformational changes into each other  

PhyBfr 	

  kon,PhyB,red Ired(t)
$⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯&

koff,PhyB,red Ired(t)
'⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯(

	PhyBr, 
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PhyBfr 
kon,PhyB,farred Ifarredt)
$⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯&

koff,PhyB,farred Ifarredt)
'⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯(

	PhyBr, 
 

dependent on the light intensities Ifarredt) and Iredt) 

The reporter Firefly luciferase (FLuc) mRNA is transcribed with a basal production 

+transcription and degraded with a constant degradation rate deg,FLucmRNA. Furthermore, 

the activation of the mRNA transcription by the active state of the PhyB-VP16 complex 

PhyBr is modelled by the Michaelis-Menten reaction with the rate transcript,extended and 

the Michaelis-Menten constant -$. However, the activated EL222 (LOVopen) inhibits 

this activation with the inhibition strength inh,LOV. Thus, the total dynamic transcription 

including the two non-competitive inhibitions becomes 

d[FLucmRNA]/)

dt =	
transcript,extended [PhyB

fr
]

-$   [PhyBfr])	1  	inh,LOV
%
	[LOVopen]

%)	
  

To account for cooperative binding effects an exponent of two is used for the inhibition. 

The extended model including this reactions shows two linearly dependent parameters 

transcript,extended, and -$. Both parameters are non-identifiable and compatible with 

infinity (Supplementary Fig. S8). Their ratio, however, is constant and thus can be 

used to create an identifiable parameter 

transcript,extended

-$
=	transcript = 3456/. 

Using this ratio and setting -$ to infinity  

lim
&
!
�(

transcript,extended [PhyB
fr
]

-$   [PhyBfr])	∎)	
=	 lim

&
!
�(

transcript [PhyBfr]

1 
 [PhyBfr]

-$
)	∎)	

=
 transcript	[PhyB

fr
]

∎)	
,	 

where ∎ describes the inhibition term due to the LOV system, leads to a simplification 

of the transcription. This simplification can be explained by the fact, that the Michaelis-

Menten reaction is in its linear limit, i.e. the saturation does not influence the behaviour 
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of the system for the measured conditions. The full equation describing the 

transcription thus becomes 

d[FLucmRNA](/)
dt =	

,transcript [PhyB
fr
]

1 	 	,inh,LOV
%
	[LOVopen]%	

.  

The target protein FLuc is translated from the FLucmRNA with the rate ,transl,FLuc. It 

degrades linearly with the rate ,deg,FLuc. 

This leads us to the full set of coupled differential equations describing the model: 

d[LOVclosed](/)
dt =	 			,off,LOV	[LOVopen] − ,on,LOV<blue(/)[LOVclosed] (1) 

d[LOVopen](/)
dt =	−	,off,LOV	[LOVopen]  ,on,LOV	<blue(/)[LOVclosed] (2) 

d[PhyBfr](/)
dt =	 		,on,PhyB,red	<red(/)	[PhyBr] − ,off,PhyB,red	<red(/)	[PhyBfr] 	

 ,on,PhyB,farred	<farred(/)	[PhyBr] − ,off,PhyB,farred	<farred(/)	[PhyBfr] 	

− 	,off,PhyB,dark	[PhyBfr] 

(3) 

d[PhyBr](/)
dt = −	,on,PhyB,red	<red(/)	[PhyBr]  ,off,PhyB,red	<red(/)	[PhyBfr] 	

− ,on,PhyB,farred	<farred(/)	[PhyBr]  ,off,PhyB,farred	<farred(/)	[PhyBfr] 	

 	,off,PhyB,dark	[PhyBfr] 

(4) 

d[FLucmRNA](/)
dt 	 = +transcription 	− ,deg,FLucmRNA 	[FLucmRNA] 	


,transcript [PhyB

r
]

1 	 	,inh,LOV
%
	[LOVopen]%	

 
(5) 

d[FLuc](/)
dt = ,transl,FLuc	[FLucmRNA] − ,deg,FLuc	[FLuc] (6) 

 

3. Parametrization of the model and identifiability analysis with maximum likelihood 

approach 



Appendix A  

   

cxix 

 

 6 

We used a maximum likelihood approach to determine the unknown parameters of the 

model by fitting it to the experimental data. The identifiability analysis was performed 

using the profile likelihood method. Both methods were previously described in the 

supporting information of Beyer et al.5 and the following introduction is based on this 

description. 

 

The ordinary differential equations (1)-(6) describing the model can be generalized to  

 

d
dt
(ݐ)ݔ⃗ = ݂⃗൫⃗ݔ, ,⃗݌ ሬ⃗ݑ  ൯  (7)(ݐ)

where ⃗ݔ is the state vector of the system describing the dynamics of the concentrations 

and ⃗݌ contains the dynamic parameters. ݑሬ⃗  is a function containing the external (ݐ)

inputs. The initial conditions of the concentrations, i.e. the concentrations at the time ݐ = 0 are given by ⃗(0)ݔ =  ଴. Since the concentrations themselves can not beݔ⃗ 

measured, an observation function  

(ݐ)ݕ  = ,(ݐ)ݔ⃗)݃ (ݏ⃗ +  (8)   (ݐ)ߝ⃗

 

is necessary for each experiment to link the measured data to the model states ⃗(ݐ)ݔ. 
The observation parameters ⃗ݏ contain the scaling parameters of the measurements. 

We used a constant Gaussian error model with variance ߪଶ to model the measurement 

error, i.e.  

 (9) .(ଶߪ,0)ܰ ~ (ݐ)ߝ 
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Using this error model, the probability of the measured data from ⃗ݕ஽ from a single 

experiment with ஽ܰ data points given the complete set of parameters ⃗ߠ = ,⃗݌) ,଴ݔ⃗  (ߪ,ݏ⃗

becomes 

 

,஽ݕ൫⃗ܮ ൯ߠ⃗ = ∏ exp ቆቀ௬ೕವି ௚൫௫⃗൫௧ೕ൯,௦⃗൯ ቁమଶఙమ ቇேವ௝ୀଵ . (10) 

Here ⃗ݔ൫ݐ௝൯ denotes the concentrations at the time of the measurement ݕ௝஽. Combining 

௘ܰ௫௣ experiments leads to the likelihood function 

,஽ݕ൫⃗ܮ ൯ߠ⃗ = ∏ L ൫⃗ݕ஽ೖ , ௞൯ே೐ೣ೛௞ୀଵߠ⃗ . (11) 

The parameters, for which the data is most probable, i.e. the parameter set with the 

maximum likelihood can be found with the maximum likelihood estimator 

෠ߠ = argmax ఏሬሬ⃗ ቀܮ൫⃗ݕ஽ ,  ൯ቁ. (12)ߠ⃗

For numerical reasons, it is more efficient to minimize the equivalent 

 

−2logܮ = ∑ expቆቀ௬ೕವି ௚൫௫⃗൫௧ೕ൯,௦⃗൯ ቁమଶఙమ ቇேವ௝ୀଵ + 2 ஽ܰlog൫√2ߪ ߨଶ ൯    =
                                                        =  ߯ଶ൫⃗ߠ൯ +  2 ஽ܰlog൫√2ߪ ߨଶ ൯ = : ߯௠௢ௗଶ ൫⃗ߠ൯ . (13) 

This term contains the sum of the weighted residuals ߯ଶ൫⃗ߠ൯ as well as an error model 

correction term.  

 

The uncertainty and identifiability analysis of the parameters is performed using the 

profile likelihood method6. The profile likelihood of parameter ߠ௜ is determined by 
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߯௉௅ଶ (௜ߠ) = min ఏ೔ಯೕ൫߯௠௢ௗଶ ൫⃗ߠ൯ ൯. (14) 

The 95 % confidence intervals of parameter ߠ௜ can then be calculated by 

(௜ߠ)ܫܥ = ൛ߠ| ߯௉௅ଶ (ߠ) −  ߯௉௅ଶ ൫⃗ߠ൯ <  ߯ଶ(95%,df = 1) ൟ. (15) 

߯ଶ(95%,df = 1) describes the 95th quantile of the ߯ଶ- distribution with one degree of 

freedom. 

 

4. Implementation of the single experiments, simplifications of the model, and 

stoichiometric considerations 

Each experiment used for the calibration of the model needs a specific observation 

function. The observed FLuc or FLuc mRNA concentrations were first normalized over 

a constitutive control. The normalized concentrations are then linked to the internal 

states of FLuc and FLuc mRNA with a scaling factor. Thus, only relative concentrations 

are considered.  

In general, not all protoplasts are transformed and thus FLuc transcripts only derive 

from transfected protoplasts. In contrast, the constitutive control’s transcripts derive 

from all protoplasts. Thus, the normalized concentrations contain an unknown factor 

scaling the normalized concentrations of FLuc and FLuc mRNA with the fraction of 

transfected cells. In our modelling process, this scaling is entailed in the scaling 

parameter of each experiment and does not alter the model’s description of the system 

and its predictions.  

a. Experiment 1: Characterization of the combined blue-red system after 18 

hours 
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In the first experiment (shown in Fig. 3b) we measured the FLuc concentrations after 

18 hours of expression under different light conditions with six replicates per 

measurement. We normalized the FLuc concentrations using the also measured RLuc 

as normalization factor. The experiment was repeated four times, thus necessitating a 

scaling factor for each repetition. The observation function of the normalized FLuc of 

repetition i thus becomes 

FLuc_observed
RLuc_observed

= scaleFLuc,Exp1,Rep_i [FLuc]. (16) 

The constant Gaussian error parameter for the experiment is the same for all four 

repetitions.  

b. Experiment 2: Characterization of kinetics of the combined blue-red system 

In the second experiment (shown in Fig. 3c) we measured a time series of the FLuc 

concentrations with six different lighting regimes. We normalized the FLuc 

concentrations using the also measured RLuc as normalization factor as in Experiment 

1. Thus, the observation function of Experiment 2 becomes 

FLucobserved
RLucobserved

= scaleFLuc,Exp2 [FLuc]. (17) 

Scaling factors are necessary to couple different measurements with relative scale in 

the same model. However, since the absolute scale of the relative FLuc concentration 

is unknown, the scaling factor of one FLuc measurement has to be set to one to avoid 

over-parametrization. Since all other FLuc measurements of Experiments 1 have a 

scaling factor, we set  

 

c. Experiment 3: Characterization of mRNA kinetics 

In the third experiment (shown in Fig. 3d) we measured a time series of the FLuc 

mRNA concentration with the same lighting regimes as in experiment 2. We 

scaleFLuc,Exp2 = 1. (18) 
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normalized the FLuc mRNA concentrations using the geometric mean (geomean) of 

the measured  mRNA levels of EF and Tip41L housekeeping genes. We repeated the 

experiment twice with two technical replicates for each transcript per measurement. 

Both experiments were used for the parameterization. The observation function of 

repetition i is 

FLucmRNA,observed
geomean(EF,Tip41L)mRNA,observed

= scaleFLucmRNA,Exp3,Rep_i [FLucmRNA]. (19) 

As discussed in Experiment 2, one of the two scaling factors can be set to one, 

because the absolute concentration of the normalized FLucmRNA is unknown. 

 

scaleFLucmRNA,Exp3,Rep_1 = 1. (20) 

 

d. Experiment 4: Characterization of the red-on system for different illumination 

times 

In the fourth experiment (shown in Supplementary Fig. S1a) we measured the 

response of the system to different times of stimulation with red light from 0 to 12 hours. 

The FLuc concentration was measured and normalized with RLuc similarly to 

experiments 1 and 2. The observation function of repetition i of the two repetitions is  

 

FLuc_observed
RLuc_observed

= scaleFLuc,Exp4,Rep_i [FLuc]. (21) 

 

e. Experiment 5: Characterization of “dose-response” to different light 

intensities 

In the fifth experiment (shown in Supplementary Fig. S1b,c) we measured the 

response of the system to different blue and red light intensities. The observation 

function and normalization are similar to Experiments 1, 2 and 4: 
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FLuc_observed
RLuc_observed

= scaleFLuc,Exp5,Color [FLuc]. (22) 

 

with the colour either being red or blue. 

 

f. Initial conditions 

 

The initial conditions of the LOV and PhyB complexes were set to 

 

LOVclosed(0) = 1 (23) 

LOVopen(0) =  0 (24) 

PhyBr(0) =  1 (25) 

PhyBfr(0) =  0, (26) 

i.e. their inactive states, because before each experiment the system was left in the 

dark. 

For the initial concentration of FLucmRNA we assumed a steady state between the basal 

transcription of the mRNA and its degradation 

 

FLucmRNA(0) =  ܾtranscription݇deg,FLucmRNA

. (27) 

 

We estimated the initial concentration of FLuc together with the other model 

parameters as a model parameter: 

 

FLuc(0) = initFLuc. (28) 

 

g. Simplifications 
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Müller et al. 20137 previously showed, that under far-red light the PhyB system is 

completely in the PhyBr state. We incorporated this information in the model by setting ݇off,PhyB,farred = 100 ℎିଵ.             (29) 

 

The ratios of the two complexes of Phytochrome B under red light (660 nm) and far-

red light (740 nm) were calculated using the data of Kelly and Lagarias 19858 according 

to Legris et al. 20169 . They describe the ratio of PhyBfr to the total PhyB population in 

these light conditions including the effects of the constant dark reversion ݇off,PhyB,dark. 

These ratios are 

 

rPhyBfr,red = [PhyBfr]
[PhyBr]ା[PhyBfr] =  0.728            at 10 μmol m-2 s-1 of red light, (30) 

rPhyBfr,farred = [PhyBfr]
[PhyBr]ା[PhyBfr] =  0.002         at 10 μmol m-2 s-1 of far-red light.         (31) 

 

Since the ratios were measured under constant red light intensity ܫred and temperature, 

we assumed a quasi-steady state of the PhyB system. Thus, using the relation 

 

[PhyBfr]
[PhyBr] =  

rPhyBfr,red

1-rPhyBfr,red
 = KPhyBfr,red       (32) 

  

Eqs. (3) and (4) lead to 

 

KPhyBfr,red = 
ି௞on,PhyB,red ூred ା௞off,PhyB,red ூred KPhyBfr,red ା௞off,PhyB,dark KPhyBfr,red௞on,PhyB,red

಺red
KPhyBfr,red

ି௞off,PhyB,red ூredି ௞off,PhyB,dark
.      (33) 
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By algebraic calculation we obtain 

 ݇on,PhyB,red = ቀ݇off,PhyB,red +
௞off,PhyB,darkூred

ቁ  KPhyBfr,red .             (34) 

 

Since the intensity ܫred =10 μmol m-2 s-1 is known, this equation simplifies the model 

by one parameter, the On-rate of the PhyB complex in red light. An identical calculation 

was performed for the far-red rate ݇on,PhyB,farred. 

 

h. Stoichiometric considerations between the blue-off and red-on factors 

 
The stoichiometry between the blue-off and the red-on factors does not influence the 

system’s behaviour. This can be concluded both from the computational model as well 

as from the experiments. In the computational model, a change in concentration of one 

of two systems corresponds to a change in the scaling parameters described in the 

previous sections. The system equations and reactions would remain unchanged and 

only the scaling parameter would encode the changed stoichiometric balance. This 

analysis is consistent with the experiments under varying experimental conditions that 

show that all relevant effects can be derived from the relative concentrations. 

Furthermore, it indicates that the stoichiometry between the two factors plays no role 

since their effects are uncorrelated. The Blue-off complex inhibition of the transcription 

is independent of the red-on systems state, i.e. relative or absolute concentration.    

 

5. Results of parameter estimation 

The complete model including the observation functions of the experiments was fitted 

to 406 data points using the maximum likelihood approach. 25 parameters were 
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estimated, of which one was an initial value, ten were dynamic parameters, nine were 

scaling parameters and five were error parameters.  

The numerical integration, fitting process and identifiability analysis with the profile 

likelihood method were performed in MATLAB using the freely available 

Data2Dynamics software10. It uses the CVODES11 solver to numerically integrate the 

ordinary differential equations. The parameter estimation was performed using the 

trust region algorithm LSQNONLIN12. We optimized the parameter space in logarithmic 

space, thus naturally enabling a scan of the parameters over many orders of 

magnitude. 

A thorough search for the global optimum requires multiple optimization runs with 

randomly sampled initial parameter sets. We thus performed 200 runs, of which 20 

converged to the lowest minimum, suggesting that it is the global optimum 

(Supplementary Fig. S9a). Other local optima were found, but because they are 

significantly worse than the best optimum they are not included in the further analysis. 

The identifiability analysis using the profile likelihood method showed two practically 

non-identifiable parameters (Supplementary Fig. S10). The two parameters describe 

the LOV systems inhibitory behaviour, i.e. kon,LOV describes the rate, at which LOV is 

created and kinh,LOV describes the inhibition strength of the LOV complex on the mRNA 

transcription. The practical non-identifiabilities in these two parameters stem from the 

fact, that the absolute concentration of LOV is unknown, thus the LOV concentration 

and its inhibition strength are symmetrically linked. A reduction of the model should 

thus fix one of the dynamic parameters. The inhibition strength is the natural choice 

since it has the unit of an inverse concentration.  

 

After fixing the inhibition strength kinh,LOV 
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kinh,LOV =  25.04            (35) 

to the value of the global optimum, the previously described analysis pipeline was 

performed again on the reduced model with now 24 dynamic parameters. 

From 200 runs, 97 converged to the lowest minimum, strongly indicating, that it is the 

global optimum (Supplementary Fig. S9b). One other local minimum was found, 

however, it was significantly worse than the lowest minimum. The profile likelihood 

analysis (Supplementary Fig. S11) shows, that all parameters are identifiable. The 

95 % point-wise confidence intervals of the parameters are shown in Supplementary 

Table S3. 

6. Characterization of the system by simulations and validation 

We performed simulations to characterize the behaviour of the system under different 

light conditions. For this purpose we used the model, calibrated to the optimal 

parameter set with all data discussed in Section 4, i.e. the time-series mRNA and 

protein FLuc measurements (Fig. 3c,d, Supplementary Fig. S1a) as well as light 

dose-response FLuc measurements (Supplementary Fig. S1b,c). Fig. 3e shows a 

simulation of the normalized FLuc concentration from 0 to 18 hours given different red 

light intensities as stimuli of the system. Supplementary Fig. S2 shows a simulation 

of the normalized FLuc concentration given different light conditions after 12 hours.  

The above-mentioned characterization was validated by measuring the expression 

level of FLuc for different experimental conditions, i.e. red-light intensities and 

illumination periods. These validation measurements were then compared to the model 

predictions, as can be seen in Fig. 3f The prediction uncertainty was determined by 

evaluating the prediction profile likelihood for each prediction, i.e. each experimental 

condition of the validation measurements13.  
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Supplementary Figures 
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Supplementary Figure S1. Characterization of PULSE in Arabidopsis protoplasts to 

calibrate the mathematical model. (a) end point kinetics with red light treatment (10 

μmol m-2 s-1) of different durations, as indicated. Dose-response after 18 h of light 

treatment with (b) different intensities of red light, (c) red light and different intensities 

of blue light. Data shown is the mean ratio of FLuc and RLuc, SEM (n = 6). Indicated 

induction folds are relative to dark. 

 

Supplementary Figure S2. Heatmap representation of the model predictions of 

PULSE-controlled protein expression levels as a function of light intensities. The 

calibrated model yields estimated FLuc/RLuc expression ranges under simultaneous 

illumination with a range of red and blue light intensities for 12 h. 
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Supplementary Figure S3. Constitutively expressed controls, dCas9-TV and LFY-

VP16, in protoplasts of Arabidopsis thaliana. (a) FLuc and RLuc determinations in 

protoplasts co-expressing PCaMV35S-dCas9-TV and a gRNA directed specifically to the 

SlDFR promoter sequence, and the PSlDFR-FLuc construct. (b) FLuc and RLuc 

determinations in protoplasts co-expressing PCaMV35S-dCas9-TV and a gRNA directed 

specifically to the AtAP1 promoter sequence, and the PAtAP1-FLuc construct. (a,b). Data 

shown are the mean ratio of FLuc and RLuc, SEM (n = 4). (c) FLuc and RLuc 

determinations in protoplasts co-expressing PCaMV35S-LFY-VP16-2A-RLuc (stripped 

bars) and PAtAP1-FLuc (solid bars) under different light conditions. Data shown are 

means of RLuc, and means of FLuc data after subtraction of background values 

(configuration without PCaMV35S-LFY-VP16-2A-RLuc), and SEM (n = 6). (a-c) The 

protoplasts were incubated in darkness, red or blue light, and luminescence 

determinations performed after 18 - 19 h. 
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Supplementary Figure S4. Optogenetically controlled Venus and constitutive 

Cerulean expression in Nicotiana benthamiana leaves. Full set of images. Plants 

infiltrated with Agrobacterium transformed with the PULSE and POpto-Venus and a 

constitutively expressed Cerulean cassette constructs (pROF346) and incubated for 

2.5 d in dark were subjected for 2 h, 6 h, or 9 h to the indicated light treatments (10 

mol m-2 s-1 of red or blue light, simulated white light, or darkness). Samples were 

collected at the indicated time points for microscopy visualisation of nuclear Venus and 

Cerulean fluorescence. 

 

Supplementary Figure S5. Optogenetically controlled GUS expression in N. 

benthamiana leaves. Plants infiltrated with Agrobacterium transformed with the PULSE 

and POpto-GUS construct (BM00369) were kept in darkness or in a plant incubator for 

2.5 days (16 h light - 8 h darkness) prior to illumination with LED panels for 1 day with 

red light (655 nm, 10 μmol m-2 s-1), simulated white light (as described in 

Supplementary Fig. S7 and Methods) or darkness. Two disks from different leaves 

with the same treatment were incubated with GUS staining solution.  
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Supplementary Figure S6. Expression of optogenetically controlled EFR-GFP under 

different light condition. Plants infiltrated with agrobacterium transformed with the POpto-

EFR-GFP and PULSE constructs were incubated for 2 d prior to induction with 10 μmol 

m-2 s-1 red light for additional 16 h (white light illumination was used as control). The 

leaves were analyzed microscopically for correct expression prior sampling and ROS 

quantification.  
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Supplementary Figure S7. Spectra of the LEDs used for the illumination treatments. 

Illumination treatments were performed with LED panels adjusted to intensities of 10 

μmol m-2 s-1 for the red (λmax 655 nm), blue (λmax 461 nm), or far-red (λmax 740 nm). For 

the simulated white illumination treatments (continuous dark line), white, blue and far-

red LEDs were used and the intensity was adjusted in order to have 10 μmol m-2 s-1 of 

blue light 420-490 nm, red light 620-680 nm, and far-red light 700-750 nm (light ranges 

according to Sellaro et al. 2010)14. Discontinuous dark line corresponds to fluorescent 

tubes (cool daylight OSRAM). The sunlight spectrum (yellow line) is adapted from 

Casal15.   
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Supplementary Figure S8. Parameter profile likelihood of the non-identifiable 

parameter of the FLuc mRNA transcription when including saturation dynamics and 

changes in other parameters over the range of profile. The black lines show the profile 

likelihood, while the optimal parameter value is shown as a grey dot. The dashed red 

line indicates the 95 % confidence level. Its intersection points with the profile likelihood 

yield the point-wise 95 % confidence intervals of the parameter. The dashed blue lines 

indicates the -2log(PL) value of the optimal parameter set. The parameter ܭ௠ is 

practically non-identifiable towards infinity, indicating that the Michaelis-Menten 

kinetics are in its linear limit, i.e. the saturation is not relevant to describe the data. The 

lower graph shows the changes in the other parameters in orders of magnitude over 

the range of the profile. It can clearly be seen, that ܭ௠ and ݇transcript,extended  are linearly 

linked and their ratio constant over the entire parameter space. 
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Supplementary Figure S9. Multiple optimization runs with random initial parameter 

guesses. (a) 200 optimization runs with random initial parameters sorted by the 

– 2 log(L) value for the full model. The lowest minima were found in 20 of the runs. All 

other local minima are significantly higher than the lowest minima. (b) 200 optimization 

runs with random initial parameters sorted by the – 2 log(L) value for the reduced 

model. The lowest minima were found in 97 of the runs. The other local minimum is 

significantly higher than the lowest minimum. 
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Supplementary Figure S10. Parameter profile likelihood of the two non-identifiable 

parameters of the full model. The black lines show the profile likelihood, while the 

optimal parameter value is shown as a grey dot. The dotted red line indicates the 95 

% confidence level. Its intersection points with the profile likelihood yield the point-wise 

95 % confidence intervals of the parameter. The dotted blue lines indicate the 

– 2 log(PL) value of the optimal parameter set. 
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Supplementary Figure S11. Parameter profile likelihood of the estimated parameters 

of the reduced model. The black lines show the profile likelihood, while the optimal 

parameter value is shown as a grey dot. The dotted red lines indicate the 95 % 

confidence level. Its intersection points with the profile likelihood yield the point-wise 

95 % confidence intervals of the parameter. The dotted blue lines indicate the 

– 2 log(PL) value of the optimal parameter set. All parameters are identifiable, i.e. they 

have finite 95 % confidence intervals. 
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Supplementary Table S3. Estimated model parameters and confidence intervals on 
linear scale. Estimated parameters ߠ෠ were obtained by maximum likelihood estimation 
and their point-wise 95 % confidence intervals with lower bound (ߠ −෢  and upper (ିߪ
bound (ߠ෠+ߪା) were obtained with the profile likelihood method. Fixed variables have 
no confidence intervals. 

Parameter ࣂ෡ (ࣂ෡ − ෡ࣂ,ି࣌ +  (ା࣌
initFLuc 5.35 (2.49, 8.26) •10-03 
btranscription 0.83 (0.20, 15.8) •10-01 
ktranscript 1.26 (0.86, 1.91) •10+01 
ktransl,FLuc 1.46 (1.14, 1.95) •10-03 
kdeg,FLuc 1.32 (1.06, 1.68) •10-01 
kdeg,FLucmRNA 0.81 (0.55, 1.22) •10+00 
koff,LOV 5.10 (0.92, 6.30) •10-01 
kon,LOV 1.88 (0.60. 2.37) •10-01 
koff,PhyBfr,dark 1.24 (1.14, 1.35) •10-01 
koff,PhyBr,red 3.57 (2.97, 4.35) •10-01 
scaleFLuc,Exp1,Rep1 8.27 (7.93, 8.63) •10+00 
scaleFLuc,Exp1,Rep2 6.75 (6.47, 7.04) •10+00 
scaleFLuc,Exp1,Rep3 8.10 (7.77, 8.45) •10+00 
scaleFLuc,Exp1,Rep4 4.01 (3.84, 4.18) •10+01 
scaleFLuc,Exp4,Rep1 1.68 (1.62, 1.74) •10+01 
scaleFLuc,Exp4,Rep2 8.79 (8.47, 9.11) •10+00 
scaleFLuc,Exp5,blue 1.25 (1.19, 1.32) •10+01 
scaleFLuc,Exp5,red 4.02 (3.84, 4.21) •10+01 
scaleFLucmRNA,Exp3,Rep2 1.45 (1.09, 2.01) •10+00 
sdFLuc,Exp1 3.17 (2.78, 3.65) •10-03 
sdFLuc,Exp4 6.34 (5.52, 7.38) •10-03 
sdFLuc,Exp5 4.63 (3.96, 5.51) •10-03 
sdFLuc,Exp2 4.19 (3.56, 5.00) •10-03 
sdFLucmRNA,Exp3 3.58 (2.87, 4.62) •10+00 
kinh,LOV 2.50•10+01 
koff,PhyBr,farred 1.00•10+03 
rPhyBfr,red 7.28•10-01 
rPhyBfr,farred 2.00•10-03 
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