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Bioluminescent and fluorescent reporters 
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*This review article assumes basic knowledge of gene expression and light wavelengths 

Abstract 
     Various organisms create fascinating “glow-in-the-dark” proteins in nature. Scientists introduce these 
special proteins into organisms that they study and use the emitted light to report where, when, and 
how much genes or proteins of interest are expressed. Two major kinds of reporters, luciferases and 
fluorescent proteins, are often confused with each other because they have common characteristics: (1) 
they can be used to make it easy to track the expression of genes or proteins of interest by fusing a 
reporter gene to a gene of interest (genetically encoded reporters), and (2) they glow in the dark. 
However, there are fundamental differences between these reporters. Generally, luciferases, which 
catalyze a reaction with a substrate luciferin and generate light as a product (bioluminescence), are dim, 
but highly quantitative reporters and suitable to measure how much and when a gene or protein is 
expressed. Fluorescent proteins, which require an external light source to stimulate emission of a 
different wavelength of light, are bright reporters and suitable to locate in which cells a gene is activated 
or where in a cell a protein is expressed. In this review, we introduce basic mechanisms of 
bioluminescence and fluorescence, and how they are used in circadian rhythm research. 

Entry Level Intermediate Level Advanced Level 

Mechanisms to glow in the dark  
     As you study biological science, you encounter experiments using “bioluminescence” and 
“fluorescence.” Both bioluminescence and fluorescence appear as specimens glowing in the dark. 
However, the light is generated by different mechanisms. Bioluminescence is generated by chemical 
reactions, whereas fluorescence is the re-emission of transformed light that was absorbed by a 
substance at a different wavelength. In other words, bioluminescence can glow by itself like stars, but 
fluorescence needs an external light source to glow, like the moon needs the sun to shine. In this 
section, we will introduce the mechanisms that generate bioluminescence and fluorescence. 

Bioluminescence  
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Figure 1. (A) Firefly (genus species unidentified) emitting yellow bioluminescence. (B) A tide glowing in blue by 
bioluminescence created by unicellular plankton, dinoflagellates. (C) Bioluminescent mushrooms (Mycena 
chlorophos).  
     [Attribution and copyright information: (A) This picture is copyrighted by Radim Schreiber, whose permission is 
required for any usage. (B) This picture was cropped from a picture taken by Mike at Carlsbad, CA. CC BY-SA 2.0 (C) 
Lalalfdfa. CC BY-SA 3.0.] 
 

Bioluminescence is light emitted by living organisms. Bioluminescent organisms are found in most 
branches of the evolutionary tree, including bacteria, fungi, invertebrates, and vertebrates (Oba and 
Schultz, 2014) (Fig. 1). Organisms use bioluminescence for various activities, such as mating, attracting 
prey, and escaping from predators (Oba and Schultz, 2014). The bioluminescence is generated by 
chemical reactions involving an enzyme, luciferase, and a substrate (a small chemical molecule), called 
luciferin (Shimomura, 2006). There is no similarity in the sequence of luciferases or chemical structures 
of luciferins of organisms in different taxa, suggesting that bioluminescence was reinvented multiple 
times in evolution. However, there is one common mechanism that generates bioluminescence: a 
luciferase catalyzes oxidation of a luciferin using molecular oxygen as a substrate (Wilson and Hastings, 
1998). The reactions are well studied in some organisms, such as fireflies (Shimomura, 2006) (Fig. 2), but 
in some organisms, such as mushrooms, the bioluminescence reactions are not understood well 
(Oliveira et al., 2012; Purtov et al., 2015).  

     Bioluminescence can be emitted in complete darkness through chemical reactions. Bioluminescence 
is very dim compared to sun light or room light and usually occurs in naturally dark environments, such 
as at night or in the deep sea. 

 

Figure 2. Luciferin-luciferase reaction in firefly. Light emitting reaction requires D-luciferin, adenosine triphosphate 
(ATP), and oxygen (O2). A luciferase and a cofactor (Mg2+) catalyze the reaction to generate oxyluciferin, adenosine 
monophosphate (AMP), pyrophosphate (PPi), carbon dioxide (CO2), and light.  
     [Attribution and copyright information: D-lucifein, Yikrazuul, Public domain; oxylucifein, modified from 
Yikrazuul’s D-lucifein by Takako Noguchi, Public domain; Crystal structure of firefly luciferase was obtained from 
Protein Data Bank in Europe, Sundlov et. Al, Biochemistry (2012) (Sundlov et al., 2012), Terms of Use.)] 
 

Fluorescence 
      Fluorescent substances absorb a higher energy (or shorter wavelength) of light and emit light at a 
lower energy (or longer wavelength) (Fig. 3A). The higher energy light absorbed by a fluorescent 
substance is called excitation light. The re-emitted light is called fluorescence (Lichtman and Conchello, 
2005). Because wavelengths of emitted and excitation light are different, we can filter out excitation 

http://www.fireflyexperience.org/
https://www.flickr.com/photos/msauder/
https://creativecommons.org/licenses/by-sa/2.0/
https://en.wikipedia.org/wiki/File:Mycena_chlorophos.jpg
https://creativecommons.org/licenses/by-sa/3.0/
https://commons.wikimedia.org/wiki/File:Firefly_luciferin.svg
http://www.ebi.ac.uk/pdbe/
http://www.ebi.ac.uk/about/terms-of-use
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light so that only the fluorescence is visible (Wilson and Hastings, 1998) (Fig. 3B). Thus, fluorescence 
appears to be glowing in the dark because of light filtration, but the light does not originate with the 
fluorescent material. 

      Fluorescent compounds are called fluorophores. At the atomic level the energy of excitation light is 
absorbed by an electron of a fluorophore, causing it to move to a higher energy (excited) state. As the 
electron returns to the lower energy (ground) state, the energy difference between states is released as 
light (fluorescence) (Fig. 3C). Because a part of the energy is lost during this process, the wavelength of 
fluorescence is longer than that of the excitation light. For example, blue excitation light turns into 
green, and yellow light becomes red. This transition of energy states is also the basis of emission in 
bioluminescence, although the energy that excites an electron is supplied by chemical reactions in 
bioluminescence. Thus, bioluminescence is fluorescence in a strict physics definition. However, in the 
biological field, scientists conventionally distinguish bioluminescence and fluorescence by the source of 
energy that excites an electron, which is a chemical reaction (oxidation of luciferins) in bioluminescence 
and external excitation light in fluorescence. This distinction dramatically affects the design of 
experiments.  

 

 

Figure 3. Basics of fluorescence. (A) Spectrum of visible light. White light consists of light with a wide range of 
wavelengths. Photons related to shorter wavelengths (violet and blue) have higher energy than longer 
wavelengths (orange and red).  (B) Filtering fluorescence. A light source sends a broad range of light. An excitation 
filter selectively passes the wavelength that is absorbed by a fluorescent compound. In this case, blue excitation 
light is used for green fluorescent protein (GFP). A dichroic mirror reflects and passes selective wavelengths of 
light. In this case, it reflects blue light and passes green light. An emission filter selectively passes the wavelength 
of the fluorescence: this case, green light from GFP. Finally, filtered fluorescence is captured by a detector. (C) 
Generation of fluorescence at the atomic level. Excitation light moves an electron to an unstable excited state. An 
excited electron instantaneously relaxes and returns to ground status, emitting fluorescence as the difference in 
energy between the two states, with some energy lost to entropy.  
     [Attribution and copyright information: (A) Picture was modified by Takako Noguchi based on Philip Ronan’s, CC 
BY-SA 3.0 (B) Crystal structure of GPF was obtained from Protein Data Bank in Europe, Arpino JAJ, et. al, Biol. 
Crystallogr. (2014) (Arpino et al., 2014), Terms of Use. The other part of diagram was created by Takako Noguchi. 
CC BY 4.0. (C) Picture was created by Takako Noguchi. CC BY 4.0.] 
 

https://commons.wikimedia.org/wiki/File:EM_spectrum.svg
https://creativecommons.org/licenses/by-sa/3.0/deed.en
https://creativecommons.org/licenses/by-sa/3.0/deed.en
http://www.ebi.ac.uk/pdbe/
http://www.ebi.ac.uk/about/terms-of-use
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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     Fluorescence is emitted by various substances including natural minerals and synthetic chemical 
compounds. Fluorescence generated by organisms (biofluorescence) can be derived from fluorescent 
proteins, such as the green florescent protein (GFP) found in jellyfish (Aequorea Victoria) (Shimomura et 
al., 1962; Shaner et al., 2005) or small molecules generated by or consumed by organisms (Gandia-
Herrero et al., 2005). Biofluorescence is found in various organisms including bacteria (Drepper et al., 
2007), corals (Matz et al., 1999), flowers (Gandia-Herrero et al., 2005), butterflies (Vukusic and Hooper, 
2005), fish (Sparks et al., 2014), and birds (Arnold et al., 2002) (Fig. 4). Some biofluorescence is thought 
to have ecological advantages. For example, it protects corals by transforming harmful ultraviolet (UV) 
to lower energy light (Salih et al., 2000), or attracts insects for pollination in flowers (Gandia-Herrero et 
al., 2005). However, there are many substances in organisms that fluoresce without obvious ecological 
reasons, such as heme in red blood cells, and riboflavin, a vitamin. 

 

Figure 4. Biofluorescence in marine animals. (A-D) A coral and shark with or without fluorescent lighting 
conditions.  
     [Attribution and copyright information: (A-B) Mikhail Matz, University of Texas, Joerg Wiedenmann, National 
Oceanography Centre, Southampton, National Science Foundation, Conditions of use. Link to source of A and B. (C) 
The picture was cropped from Rennett Stowe’s, CC BY-SA 2.0. (D) The picture was cropped from figure 1 of Sparks 
et al. 2014 (Sparks et al., 2014), CC BY 4.0.] 
 

Characteristics of bioluminescent and fluorescent reporters 
     Genetically encoded reporters, such as luciferases and fluorescent proteins, are powerful tools to 
detect expression of genes and proteins. By connecting a reporter gene to the promoter or coding 
sequence of a gene of interest, scientists can tell where, when, and how much the gene or protein is 
expressed. Generally, fluorescent protein reporters are suitable to locate in which cell or tissue the gene 
is activated or where in a cell the protein is expressed. Luciferases are suitable to quantify how much 
and when the gene is expressed, but are usually not sufficiently bright for pinpointing where the light is 
coming from. In this section, we introduce characteristics of bioluminescent and fluorescent reporters. 

https://www.nsf.gov/news/mmg/mmg_disp.jsp?med_id=69557&from=search_list
https://www.nsf.gov/news/mmg/conditions.jsp?med_id=69557&from=search_list
https://www.nsf.gov/news/mmg/mmg_disp.jsp?med_id=69557&from=search_list
https://www.nsf.gov/news/mmg/mmg_disp.jsp?med_id=68719&from=search_list
https://www.flickr.com/photos/tomsaint/
https://creativecommons.org/licenses/by-sa/2.0/
https://creativecommons.org/licenses/by/4.0/
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Evaluating gene expression by reporters 
     In the biological field, the word “gene expression” is often used to describe transcriptional activity, 
including promoter activity and mRNA level, but it can also include protein level as well. The DNA 
sequence of a gene is transcribed into RNA, which is then translated into a protein. A promoter located 
upstream of a gene is the DNA sequence that directly controls the amount of transcription (affecting 
mRNA level), and indirectly controls the amount of translation (protein level). Thus, the combination of 
promoter activity, mRNA level, and protein level contribute to overall gene expression (Adams, 2010). 
Scientists can evaluate promoter activities – the frequency of a transcript arising from a promoter – by 
measuring the signal from a reporter that is transcribed/translated under control of the promoter, or 
can monitor the protein product by a signal from a fusion protein made up of the protein of interest 
fused directly to a reporter protein. However, mRNA levels are generally measured by other molecular 
biology techniques, such as q-RT-PCR (quantitative real-time polymerase chain reaction), and RNA 
sequencing. 

Bioluminescent reporters 
     Bioluminescent reporters, also referred to as luciferase reporters, have advantages for quantifying 
the expression level of genes and proteins. The characteristics that make luciferases more quantitative 
reporters than fluorescent proteins are the following. (1) Low background. Bioluminescence recording is 
performed in complete darkness by a light detector. There is virtually no background noise because the 
luciferin-luciferase reaction is the only light-emitting reaction in cells and tissues. Because of this low 
background, luciferase reporters allow detection of a lower level of gene expression than fluorescent 
proteins (Choy et al., 2003). (2) Large dynamic range. Dynamic range refers to how low and high a 
reporter can quantify a variable and still be linear (i.e., the range where light emission accurately reflects 
the amount of material being measured). A light detector can measure more than 108-fold changes in 
the amount of luciferase (Promega Corporation, 2000). (3) Adequate instability. Real-time increases and 
decreases of gene expression in living cells cannot be measured with highly stable reporter proteins 
because of accumulation of residual reporters. It is important that reporters are degraded when the 
gene is not being actively transcribed and the message translated. Stability of proteins is indicated by 
half-life, the time taken for proteins to drop in amount to half of the original level. The half-life of wild-
type GFP is about 26-54 h depending on the conditions (Sacchetti et al., 2001; Kitsera et al., 2007). In 
contrast, the half-life of firefly luciferase is about 3-4 h (Leclerc et al., 2000). Thus, luciferase is typically 
better for circadian studies, to be able to detect one trough before a gene turns back on in the next 
cycle. To faithfully report rapid changes of gene expression, there are cases where the half-life of 
luciferase is further shortened by addition a destabilization sequence, such as a “PEST” sequence 
(ProGluSerThr), promoting proteolysis (Leclerc et al., 2000). 

     A disadvantage of luciferase reporters is the dimness of the light. Bioluminescence is commonly 
detected by photomultiplier tubes (PMT), a type of light detector that is capable of amplifying the signal 
of photons (Hamamatsu Photonics KK, 2006). In many applications in circadian rhythm studies PMTs 
detect summed bioluminescence from all samples in a tube or a plate. In this case, luciferase reports 
quantity or temporal gene and/or protein expression (how much or when the gene or protein is 
expressed), but not spatial information. It is possible to capture spatial information (where the light is 
coming from) by luciferases, but it requires high-end detectors, such as super-sensitive cooled CCD 
(charge-coupled device) camera, or a CCD camera with a photon enhancement function (Welsh and 
Noguchi, 2012). These bioluminescent images taken by high-end detectors carry all quantity, temporal, 
and spatial information. But the spatial resolution for bioluminescent images is much courser than 
fluorescent images. For example, bioluminescent images can only visualize the shape of a single 
eukaryotic cell, but fluorescent images can visualize down to the organelle level (Figs. 5-6).  
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Figure 5. Spatiotemporal clock gene or protein expression quantified from neonatal mouse suprachiasmatic 
nucleus, SCN. (A, C) Representative images of Period1(per1) promoter activity reported by destabilized Enhanced 
Green Fluorescent Protein, EGFP (Per1-EGFP) (Kuhlman et al., 2000) around expression trough (A) and peak (C). (B, 
D) Representative images of PERIOD2 (PER2) protein level reported by a luciferase (PER2::LUC) around expression 
trough (B) and peak (D). Note the higher background in fluorescence images than bioluminescent images. (E-F) 
Single SCN neurons expressing both fluorescent protein (E) and a luciferase (F). Yellow fluorescent protein, Venus, 
was introduced into dispersed SCN neurons of PER2::LUC mice. Note the higher spatial resolution in fluorescent 
images than in bioluminescent images.  
     [Attribution and copyright information: (A-F) Pictures were taken by Takako Noguchi in Dr. David Welsh’s 
laboratory. CC BY 4.0. The PER2::LUC mouse was generated by Dr. Joseph Takahashi while at Northwestern 
University (Welsh et al., 2004). The Per1-EGFP mouse was generated by Dr. Douglas McMahon while at the 
University of Kentucky (Kuhlman et al., 2000). We thank Drs. Takahashi and McMahon for their generous donation 
of these mouse lines.] 
 

 

Figure 6. Time-dependent localization of KaiC, a clock protein of cyanobacteria, was studied in cyanobacteria 
expressing a fusion protein of KaiC and YFP (Cohen et al., 2014) by fixing samples at various time points of a day. 
YFP-KaiC and autofluorescence from the cell’s photosynthetic machinery are displayed in green and red, 
respectively. Example of repeated one-timepoint protein localization in cyanobacteria. 
     [Attribution and copyright information: These pictures were taken by Dr. Susan E Cohen in Golden’s laboratory. 
CC BY 4.0.] 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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Fluorescent protein reporters 
     Fluorescent proteins have advantages for visualizing the location of a protein in a cell (termed 
subcellular localization). The characteristics that make fluorescent reporters more suitable for 
visualization of location than luciferases are the following. (1) Brightness of the light signal. Because 
fluorescence is bright, scientists can magnify cells and observe structures inside of cells, such as the 
nucleus or other organelles. (2) Color variations. There are many color variants in fluorescent proteins 
(Shaner et al., 2005). Scientists can express multiple genes that encode fluorescent proteins of different 
colors in a cell, fused to different proteins of interest, at the same time and study where the different 
proteins are expressed in the cells (termed co-localization). (3) Site-specific excitation. It is possible to 
excite fluorescent proteins in a very small area of tissue or cells using a laser beam. Confocal and two-
photon laser scanning microscopy (Zipfel et al., 2003; Conchello and Lichtman, 2005) are high-end 
fluorescent microscopy techniques that “erase” out-of-focus fluorescence from the background by 
exciting a point of a sample with a focused laser beam and generating 2-D or 3-D images by scanning. 
Especially, two-photon laser scanning microscopy enables the visualization of fluorescent signals in 
thicker specimens, such as brain tissue (>500 µm) in a living mouse by using a laser with a longer 
wavelength (Peters et al., 2014). In the circadian rhythm field, daily changes in neuronal activity have 
been monitored in the zebrafish brain (Appelbaum et al., 2010), the fly brain (Bushey et al., 2015), and 
in a marine annelid (Tosches et al., 2014) using calcium sensors based on fluorescent proteins that we 
will introduce later in this article. 

     Disadvantages of fluorescent proteins are: (1) Photobleaching. Fluorophores are damaged by photons 
and lose the ability to fluoresce. Photobleaching is problematic in real-time imaging, in which reporters 
are repeatedly exposed to excitation light to observe the pattern of expression over time (Giloh and 
Sedat, 1982; White and Stelzer, 1999). (2) Phototoxicity. When fluorophores are exposed to light, 
especially of higher energy, the process tends to generate reactive oxygen species (ROS), extremely 
reactive molecules that can damage DNA, RNA, and proteins by oxidization (Dixit and Cyr, 2003; Godley 
et al., 2005). This phototoxicity also complicates applications of fluorescent protein reporters to live-cell 
imaging. (3) High background. Because cells and organisms contain compounds that naturally fluoresce 
(exhibit autofluorescence), signals from fluorescent proteins have to be high enough compared to 
autofluorescence to rise above the background (Niswender et al., 1995; Shaner et al., 2005) or have to 
be different enough in wavelength from autofluorescence to be separated by filtration (Fig. 6). 
Fluorescence imaging in plant cells or other photosynthetic organisms, such as cyanobacteria, is 
especially challenging because photosynthetic pigments, such as chlorophyll, exhibit high levels of 
autofluorescence (Zhang et al., 2010). But fluorescence imaging can be performed by choosing filters 
specifically designed to block the transmission of autofluorescence wavelengths (Cohen and Golden, 
2015). (4) High stability. GFP is a very stable protein (Sacchetti et al., 2001; Kitsera et al., 2007). Stability 
of proteins is advantageous to visualize localization of proteins, but problematic for measuring dynamics 
of expression level because pre-existing proteins continue to accumulate. Thus, you can’t tell how much 
“new” protein was made at a particular time. Quantification of gene expression is possible with 
fluorescent proteins by including degradation sequences into the reporter protein that recruit the 
cellular proteolysis machinery, shortening half-life.  
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Applications of bioluminescent and fluorescent reporters in circadian 
rhythm studies 
Luciferase and fluorescent protein reporters are used widely in circadian rhythm studies for various 
purposes. The selection and design of reporters are different depending on the purpose of each 
experiment. To understand the experimental results in a paper or presentation better, it will be helpful 
for students to consider if the reporter is representing activity of a promoter or expression of a protein, 
spatial and/or temporal information, and activity in live or fixed cells. In this section, we summarize 
representative use of luciferase and fluorescent protein reporters in experiments and introduce 
examples of applications of each case in circadian rhythm research. 

Application flow chart 
     The first check point (Fig. 7A) to evaluate the experiment is to determine if the reporter is luciferase 
or a fluorescent protein. Luciferase reporters are mostly used to quantify gene or protein expression 
level. On the other hand, fluorescent proteins are mostly used to locate where the gene or protein is 
expressed rather than quantifying the expression level. 

 

     The second check point (Fig. 7B) is whether the reporter gene is directly connected to a promoter of a 
gene or designed to create a fusion protein with a protein of interest. Both promoter fusions and protein 
fusions may be used with both kinds of reporters (Fig. 8). If the coding region of the luciferase reporter 
gene alone is directly connected to the promoter of the gene of interest, bioluminescence level 
represents promoter activity (Fig. 8A). In other words, it reports how frequently the promoter turns on 
and causes an mRNA to be transcribed. But the mRNA that is translated into a protein is just the 
luciferase, not the protein that is usually controlled by that promoter. Thus, this type of reporter 
predicts mRNA levels of the gene of interest, but does not provide information about quantity or 
functions of the protein of interest that the gene normally controls.  

Figure 7A. The first check point to evaluate the use 

of reporters in experiments. Is the reporter luciferase 

or a fluorescent protein?  

     [Attribution and copyright information: This 

diagram was generated by Takako Noguchi. CC BY 

4.0.] 

Figure 7B. The second check point to evaluate the use of reporters in 

experiments. Is it the reporter promoter fusion or protein fusion? 

     [Attribution and copyright information: This diagram was generated by 

Takako Noguchi. CC BY 4.0.] 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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Alternatively, a fusion protein can be created by attaching the codons of a luciferase gene seamlessly to 
the codons from a gene of interest, such that when a ribosome reads the resulting mRNA, it will insert 
all of the amino acids for one protein and start putting in the amino acids for the next, all in one 
polypeptide. For example, in Fig. 8A the promoter and codons for per2 are fused seamlessly to codons of 
the luciferase gene. The resulting protein is a fused product, in which the protein of interest and the 
luciferase reporter are both present and attached to one another – in this case, PER2::LUC. When 
luciferase is physically fused to a protein of interest, the bioluminescence level represents the level of 
the protein of interest as well as of the reporter, because they are part of the same molecule (Fig. 8A). 
The luciferase reporter will be degraded together with the fused protein of interest.  

The same sorts of fusions can be made with genes for fluorescent proteins (Fig. 8B), and the light 
emitted from a fluorescent protein is usually bright enough to make a distinct spot. With a promoter 
fusion, the fluorescent protein is usually expressed in the cytosol and visualized as the shape of an entire 
cell in which the promoter is activated, such as both the cell body and neural processes of a subset of 
neurons in a fruit fly brain. However, sometimes it is important to also know where in the cell a protein 
of interest goes (subcellular localization information), which cannot be provided by the promoter for a 
gene. When subcellular localization information is desirable, the reporter protein needs to be physically 
attached to the protein of interest, so that they move together. Subcellular localization of a protein is 
controlled by short amino acid sequences (localization signals) that guide a protein to a certain cellular 
compartment or to be secreted out of the cell. Commonly used reporter proteins have no localization 
signal of their own, and just stay in the cytoplasm after it being translated by the ribosomes. However, 
when the codons for a fluorescent reporter gene are fused to those for a protein of interest (Fig. 8D), 
localization signals in the protein of interest bring the attached reporter protein along for the ride to a 
specific subcellular location (Fig. 6, 8D).  

Advanced concept: Both luciferase and fluorescent protein reporters can be engineered to be 
expressed in only specific cells of a multicellular organism using methods in which the reporter gene is 
silent unless a cell-type-specific signal turns it on, such as the GAL4-UAS system used commonly in fruit 
fly (Brand and Perrimon, 1993), and the Cre-Lox recombination system used in mice and other 
eukaryotes (Sauer, 1998). In these cases, the expression of reporters can be indirectly controlled by a 
particular promoter, and it is necessary to look carefully at the details to find out what is controlling the 
expression of the reporter.  

 

     The third check point (Fig. 7C) is to determine whether the reporter signal was collected from fixed 
(immobilized) cells, in which the live activity of cells is arrested, such as by cross-linking (fixing) protein 
structures with formalin (Nakagawa et al., 2015), or from living cells, tissues, or organisms where 
transcription and translation are still occurring. When scientists use fixed cells, the results of 

Figure 7C. The third check point to evaluate the use of reporters in 

experiments. Are samples fixed cells or live-cells?  

     [Attribution and copyright information: This diagram was generated by 

Takako Noguchi. CC BY 4.0.] 

https://creativecommons.org/licenses/by/4.0/
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experiments do not convey temporal information. However, scientists can take samples in a time series 
and fix cells from each time point to convey temporal information. When reporter expression is 
monitored continuously from the same living cells, tissues, or organisms, the results of experiments 
convey temporal information directly, showing dynamic changes in expression of the gene or protein of 
interest in real time.  

     The 4th check point is to determine whether the data were collected as a summed output (added up 
total of signal) from a whole population of cells or tissues, or imaged at the single-cell level (Fig. 7D). 
Luciferase reporters can be analyzed both ways. Fluorescent protein reporters are analyzed from 
images. Summed output from a population conveys temporal and quantity information, but not spatial 
information. But with images, scientists can analyze detailed cellular or spatial events. Using fluorescent 
reporters fused to proteins of interest, scientists can analyze subcellular- or organelle-level localization 
of the proteins. (Keep in mind that localization signals are parts of proteins, and a promoter can’t tell a 
reporter where to go in the cell after it is made.) 

     The last check point to consider is whether the reporter is destabilized or not (Fig. 7E). Luciferases are 
naturally unstable compared to fluorescent proteins, and they are often destabilized further to increase 

temporal resolution. Fluorescent proteins are generally not destabilized, because accumulation 
improves ability to visualize localization of proteins. However, it is possible to quantify promoter activity 
using fluorescent proteins if they are destabilized. 

     Once you have evaluated check points discussed above, you can understand the use of reporters in 
experiments by following the entire flowchart (Fig. 7). Determine whether the reporter is representing 
quantity and/or location, activity of a promoter or level of a protein, and activity in live or fixed cells. 

Figure 7D. The 4th check point to evaluate the use of reporters in 

experiments. Are data summed outputs or images? 

     [Attribution and copyright information: This diagram was generated by 

Takako Noguchi. CC BY 4.0.] 

Figure 7E. The 5th check point to evaluate the use of reporters in 

experiments. Is the reporter destabilized or not? 

     [Attribution and copyright information: This diagram was generated by 

Takako Noguchi. CC BY 4.0.] 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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Figure 7. Flowchart to tell the use of reporters in experiments from the design of genetically encoded reporters 
and key features of experiments.  
     [Attribution and copyright information: This diagram was generated by Takako Noguchi. CC BY 4.0.] 

Examples of applications in circadian rhythm research 

One-timepoint gene expression quantification 
     The best example of one-timepoint gene expression quantification (Fig. 7i) is a promoter-fusion assay 
that tests the functions of specific sequences within promoters or the interaction of transcription factors 
with promoters. Luciferase reporters are widely used in promoter assays in many types of biological 
science as well as circadian rhythm research. In the circadian rhythm field, for example, the E-box, a 
transcription factor-binding site, was shown to be important for rhythmic Period gene expression in 
Drosophila (Darlington et al., 1998) and in mouse using luciferase promoter assays (Gekakis et al., 1998). 

Temporal gene expression or protein quantification 
     In the circadian rhythm field, scientists often use luciferase to quantify temporal changes of clock 
gene expression. Clock genes encode molecular components that generate circadian rhythms, and most 
of these genes increase and decrease in expression level over the course of the day (Mohawk et al., 
2012). Luciferase was first applied as a reporter to monitor circadian oscillation in expression of a gene 
in living Arabidopsis plants (Millar et al., 1995). In cyanobacteria, a luciferase reporter was used to find 
the core clock genes (Kondo et al., 1993; Kondo et al., 1994). In mice, timing of accumulation of some 
clock proteins is delayed several hours relative to mRNA expression (Morse and Sassone-Corsi, 2002) 
(Fig. 8A-B). This difference can be studied by measuring transcription (promoter fusion) and protein 
levels (protein fusion) over time using luciferase (Fig. 7ii, iv). For example, to compare transcription and 

https://creativecommons.org/licenses/by/4.0/
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translation levels of Per2, scientists generated two mouse lines: one expressing a luciferase coding 
sequence under control of Per2 promoter elements, and the other expressing a luciferase fused to PER2 
protein (PER2::LUC mouse) by fusing their coding sequences together in the correct reading frame (Yoo 
et al., 2005) (Fig. 8A-B). They cultured the SCN, which is a master circadian pacemaker of mammals 
located in the hypothalamus, monitored luciferase activity in real time over a week (Yoo et al., 2005), 
and demonstrated a delay of several hours in luciferase peaks from the promoter fusion (transcriptional 
fusion reports Per2 mRNA transcription) and the protein fusion (translational fusion reports PER2 
protein levels). 

 

Figure 8. (A-B) Examples of luciferase gene fusion constructs to measure transcriptional (promoter) activity 
(parallel to mRNA expression) (A) and translational activity (parallel to protein expression) of a clock gene, Per2 (B). 
Degradation of luciferase is important to measure temporal changes of transcription or translation level. Without 
active degradation, the circadian trough would not be detectable. A schematic graph shows bioluminescence level 
obtained from transcriptional and translational fusion constructs of Per2. Note that promoter activity peaks hours 
before protein expression. (C-D) Examples of fluorescent reporter gene fusion constructs to visualize localization of 
control YFP (C), and KaiC, a clock protein in cyanobacteria (D). Fluorescent proteins are generally stably expressed 
in cytosol without large amount of degradation. When YFP is directly fused to promoter and not fused to 
localization signals (transcriptional fusion), it is expressed in cytosol (C). When YFP is fused to KaiC (translational 
fusion), it localize together with KaiC. Note that fluorescence intensity reports where YFP located, but do not 
necessary quantify the activity level of promoter (C) or fused protein level because YFP is stably expressed. 
     [Attribution and copyright information: These diagrams were generated by Takako Noguchi. CC BY 4.0.] 

Spatiotemporal gene and protein quantification 
     Bioluminescence is very dim, but it is possible to capture single-cell level images (Welsh et al., 2004). 
Scientists perform spatiotemporal (“where and when”) gene expression or protein quantification (Fig. 7 
iii, v) by imaging to study activities that are not evident from a summed output of a whole population. 
For example, synchronization among the SCN neurons was observed by imaging the SCN of a mouse 
expressing a luciferase under control of Per1 promoter (Yamaguchi et al., 2003). Images of the SCN of 
PER2::LUC mouse are shown in Fig. 5. Single fibroblasts were found to have independent clocks that can 
keep oscillating in constant conditions for over a month using PER2::LUC mouse fibroblasts (Welsh et al., 
2004; Leise et al., 2012). Bioluminescence can also be measured in living rodents. For example, circadian 
rhythms in peripheral tissues in anesthetized PER2::LUC mice are monitored by in vivo imaging (Tahara 

https://creativecommons.org/licenses/by/4.0/


13 
 

et al., 2012), and even in free-moving mice (Saini et al., 2013). Per1-luc expression in the SCN is detected 
by an optic fiber in free-moving mice and rats (Yamaguchi et al., 2001; Yamaguchi et al., 2016).  

One-timepoint gene and protein location 
     Fluorescent proteins are most commonly used for one-timepoint gene or protein location (Fig. 7vi, 
viii). This means that a sample is imaged once, but in some cases multiple samples are imaged over a 
time course to reconstruct dynamic changes. By introducing a construct that connects a promoter and 
the gene that encodes a fluorescent protein, scientists can locate the tissues or cells in the organism in 
which the gene is expressed. For example, neurons expressing clock genes were identified by Enhanced 
Green Fluorescent Protein (EGFP) using the GAL4-UAS system in fruit fly brains (Zhao et al., 2003). 
Nuclear entry of clock proteins or their complexes are studied by creating a fusion protein that consists 
of a clock protein and a fluorescent protein in mammalian cells (Vielhaber et al., 2000; Lee et al., 2015). 
Time-dependent localization of the cyanobacterial clock protein KaiC is studied by sampling cells from a 
population at different time points and imaging fluorescent fusion proteins (Cohen et al., 2014) (Fig. 6). 
One-timepoint gene expression or protein localization using fluorescent proteins produces similar 
results to immunohistochemical (IHC) staining, which locates proteins by antibodies often tagged with 
synthetic fluorescent molecules. Scientists often show combined fluorescent images of IHC and 
genetically encoded fluorescent reporters. In these cases, students have to carefully identify what the 
fluorescence represents.  

Spatiotemporal gene quantification by fluorescent proteins 
     Spatiotemporal gene expression (Fig. 7vii) can be measured by destabilizing fluorescent proteins so 
that they do not accumulate and their expression levels better reflect recent synthesis. The genes that 
encode fluorescent proteins are modified to encode destabilization signal to the polypeptide that are 
recognized by protein degradation machinery, such as by fusing 2 PEST sequences (Kuhlman et al., 
2000). For example, circadian Rev-Erbα promoter activity was imaged by destabilized Venus, a variant of 
YFP, in NIH3T3 cells, a mouse cell line (Nagoshi et al., 2004). Circadian Per1 promoter activity in the SCN 
was reported by destabilized EGFP (LeSauter et al., 2003) (Fig. 5A, C).  

Variations of luciferase reporters 
Luciferases have various characteristics depending on the purposes for which they evolved in the 
original organisms. Luciferases with different characteristics are commercially available as gene 
expression or protein reporters. The most commonly used luciferase reporter is North American firefly 
luciferase (FLuc). Modified luciferases with different properties are constantly being invented through 
genetic engineering to make experiments more efficient and easier. In this section, we introduce various 
types of luciferases and technologies using them. 

Flash- and glow-type luciferases 
There are luciferase reporters with different reaction kinetics. For example, “flash” type luciferase, such 
as the sea pansy Renilla luciferase (RLuc) and Gaussia luciferase (GLuc), generate high intensity 
bioluminescence in short time (within 10 s) (Bhaumik and Gambhir, 2002; Tannous, 2009). On the other 
hand, “glow” type luciferases, such as Fluc or bacterial luciferase (Lux) generate stable long-lasting 
bioluminescence (more than 30 min) (Andreu et al., 2010). Flash-type luciferase is a useful tool for one-
timepoint quantification, but glow type is more suitable for the long-term recording required in 
circadian rhythm applications. 

Calcium-sensitive luciferase 
Aequorin, a calcium-sensitive luciferase, was isolated from the jellyfish Aequorea together with GFP 
(Shimomura et al., 1962, 1963). Aequorin uses the substrate coelenterazine (Granatiero et al., 2014a) 
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and can measure wide range of calcium concentrations (0.1 -10 µM in natural form, up to 100 µM in 
mutated form) (Granatiero et al., 2014b). Aequorin was successfully applied to measure circadian 
calcium rhythms in living plants continuously (Johnson et al., 1995) and neuronal activity in free-moving 
zebrafish (Naumann et al., 2010). Aequorin has advantages in (1) wide dynamic range, (2) low 
background noise, (3) low calcium buffering, and (4) low toxicity. However, the disadvantages include (1) 
some properties of coelenterazine, such as less membrane permeability, less stability, and higher price 
than other luciferins, (2) the requirement of specialized detectors, and (3) a long reconstitution time of 
aequorin and coelenterazine complex. Because of these downsides, calcium measurements in circadian 
rhythm and other biological fields are mostly performed by calcium-sensitive dyes, such as Fra-2 and 
fluo-4, or GFP-based genetically encoded calcium indicators (GECIs) (Chen et al., 2013; Sun et al., 2013). 
Calcium-sensitive dyes are effective for short-term (within 1 h) recording (Colwell, 2000). GECIs are 
effective for long-term (more than a week or months) recording (Ikeda et al., 2003; Brancaccio et al., 
2013). 

Bioluminescence resonance energy transfer (BRET) 
Purified aequorin emits blue light; however, the result is green light emitted by the jellyfish body. This 
difference happens because GFP naturally forms a complex with aequorin and energy generated by 
aequorin is transferred to GFP, which then emits fluorescence. This process is called Förster resonance 
energy transfer (FRET). Especially when a donor of energy is a luciferase, it is called bioluminescence 
resonance energy transfer (BRET) (Wilson and Hastings, 1998; Pfleger et al., 2006). BRET can occur when 
the donor and acceptor are very close (10-100 Å apart). During BRET, the energy from an excited 
electron in a donor molecule jumps to an electron in the acceptor molecule, exciting it without turning 
energy into photons in between; only the acceptor electron gives off light when it falls back to ground 
state. BRET happens in some luciferase and florescent protein pairs, such as RLuc and GFP (Wilson and 
Hastings, 1998). Changes in emission color by BRET can be used to test protein-protein interactions. In 
this assay, scientists can fuse one protein to a luciferase and the other protein to a fluorescent protein. 
When the two proteins interact (physically associate closely), the spectrum changes from shorter to 
longer wavelength (e.g., blue to green). For example, a protein interaction assay by BRET was first 
applied in the circadian rhythm field to study interaction between the cyanobacterial oscillator proteins 
KaiA and KaiB, and interacting subunits of KaiB itself (Xu et al., 1999). 

Brighter luciferases  
Dimness of signal is the major weakness of bioluminescent reporters. Bioengineers are making efforts to 
generate brighter luciferases. Recently introduced NanoLuc (Promega Madison, WI), derived from the 
deep sea shrimp Oplophorus gracilirostris, is ~150-fold brighter than FLuc and has glow-type kinetics. 
NanoLuc has been applied successfully to image nuclear entry of proteins (Hall et al., 2012). Application 
to circadian rhythm research has not yet been achieved. The other brighter luciferase ELuc (10-fold 
brighter than FLuc), derived from the click beetle Pyrearinus termitilluminans, was applied to image 
promoter activity of the clock gene, Bmal1, in the SCN as well as protein nuclear entry (Nakajima et al., 
2010).  

Color variations 
Color spectra of luciferases are different depending on the organisms they are derived from or various 
chemical conditions. Fireflies exhibit green-yellow bioluminescence in nature, but purified FLuc exhibits 
green at pH 8, and red at pH 6. Higher temperature and the presence of heavy metal cations also red 
shift the spectrum of FLuc (Nakatsu et al., 2006; Viviani et al., 2008). Luciferases derived from other 
luminescent beetles use the same substrates as FLuc, D-luciferin, but are insensitive to pH, temperature, 
and heavy metal cations, and stably exhibit one color spectrum (Viviani et al., 2008). For example, stable 
red- or green-emitting luciferase derived from railroad worms and click beetles are available. In the 

http://biolum.eemb.ucsb.edu/forum/vviviani2.html
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circadian rhythm field, the expression patterns of two different clock genes that peak at different times 
of the day (Bmal1 and Per2) were monitored simultaneously using mice expressing red- and green-
emitting luciferases (Noguchi et al., 2012). Luciferases derived from marine organisms often exhibit blue 
bioluminescence, as is true for Renilla and Gaussia, (Zhao et al., 2005; Viviani, 2007; Maguire et al., 
2009).  

Other luciferase reporters 
Luciferases can be engineered to localize to the cytosol, nucleus, or other organelles by the addition of 
localization signals. Some luciferases such as Ostracod Cypridina noctiluca (CLuc), and Gaussia (GLuc) are 
naturally secreted proteins. In the circadian rhythm field, promoter activity of Per2 was monitored by 
secreted CLuc in the blood of rats (Yamada et al., 2013). 

In the bacterial Vibrio harveyi luciferase (Lux) assay system, the substrate is a long-chain aldehyde, 
unrelated to invertebrate luciferins, which can be readily engineered to be expressed in the host 
organism along with the luciferase (Meighen, 1991; Shultzaberger et al., 2015). The co-expression of the 
luciferase LuxAB and its substrate enables bioluminescence monitoring without adding luciferin, and is 
often favored for circadian monitoring in cyanobacteria.  

Variations of fluorescent protein reporters 
A wide variety of reporters or sensors based on fluorescent proteins has been developed (Shaner et al., 
2005). In this section, we introduce various fluorescent reporters used in circadian rhythms research. 

Color variations 
Expression of multiple genes can be analyzed simultaneously by using florescent proteins of different 
colors. Color variants of fluorescent proteins are either generated by mutating existing fluorescent 
proteins, such as GFP, or newly cloned from organisms exhibiting different fluorescent colors. There are 
many color variants, but common fluorescent proteins that exhibit red, yellow, green, cyan (blue), are 
generally called RFP, YFP, GFP, and CFP, respectively. Each color variant has its own name, such as 
mPlum emitting far-red, mCherry and DsRed emitting red, mOrange, mCitrine and Venus emitting 
yellow-green, Emerald and EGFP emitting green, and mCFPm and Cerulean emitting cyan (Shaner et al., 
2005). For example, in circadian rhythm research, a transgenic mouse line expressing two fusion 
proteins, PER1-Venus and PER2-DsRED, was developed to locate and quantify the expression of PER1 
and PER2 proteins in mouse brain (Cheng et al., 2009). 

FRET 
FRET (Förster resonance energy transfer, described above) happens between fluorescent protein pairs 
with different colors when they are in close distance. In this case, the word FRET could stand for 
fluorescent resonance energy transfer. When a donor of energy is a fluorescent molecule, an external 
light source must excite the donor, whose excited state is transferred to the acceptor, which then 
fluoresces. FRET can be used to study protein interactions similarly to BRET. For example, to study KaiC 
and KaiB interaction, scientists made KaiC-Cerulean and KaiB-Venus fusion proteins (Ma and 
Ranganathan, 2012). Cerulean itself is excited by 433 nm and emits at 475 nm. Venus itself is excited 
maximally by 515 nm (but can also absorb slightly shorter or longer wavelengths) and emits at 528 nm. 
But when KaiB and KaiC interact and bring Cerulean and Venus close, energy from 433 nm light is 
absorbed by Cerulean, transferred to Venus, and emitted as 528 nm light. Thus, scientists can tell that 
KaiB and KaiC interact by analyzing the emission color. If there were no interaction, the 433 nm 
excitation would result in only 475 nm emission (Fig. 9). 
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Figure 9. Schematic diagram of assays based on FRET. When two light-responsive proteins are very close, energy of 

the donor is transferred to excite the acceptor by FRET. (A) Protein interaction assay by FRET. CFP and YFP are 

tagged to protein A and B, respectively. Interaction between protein A and B can be detected by the emission color 

change. (B) FRET based Ca2+ sensor. FRET occurs only when a Ca2+ sensitive linker changes conformation by Ca2+ 

binding and bring two light-responsive proteins very close. 

     [Attribution and copyright information: These diagrams were generated by Takako Noguchi. CC BY 4.0.] 

FRET-based small molecule sensors 
The concentration of small molecules, such as Ca2+ or cyclic adenosine monophosphate (cAMP), can be 
measured by FRET-based sensors. Epac1-camps, a genetically encoded cAMP FRET sensor, is a chimeric 
protein of Epac (exchange proteins directly activated by cAMP) sandwiched between CFP and YFP 
(DiPilato et al., 2004; Ponsioen et al., 2004). FRET occurrence in Epac1-camps is reduced in the presence 
of cAMP because the two fluorescent protein components are pushed too far away from each other for 
energy transfer. For example, the cAMP response to a neurotransmitter in fly clock neurons was 
measured using Epac1-camps (Shafer et al., 2008). The Yellow Cameleons (YCs), genetically encoded 
calcium FRET sensors, are chimeric proteins of CFP and YFP linked by calcium-sensitive proteins, 
calmodulin (CaM), a glycylglycine linker, and CaM-binding domain of myosin light chain (M13) (Miyawaki 
et al., 1999; Russell, 2011; Horikawa, 2015). FRET occurrence increases in the presence of calcium 
because two fluorescent protein components are brought close when the CaM and M13 bind Ca2+. For 
example, circadian calcium rhythms can be imaged in cultured mouse SCNs (Ikeda et al., 2003; Enoki et 
al., 2012). These FRET-based sensors can respond to fast cellular events in millisecond timescales, such 
as the intracellular calcium concentration change triggered by a single action potential (Lutcke et al., 
2010; Yamada et al., 2011). This is because they detect targeted molecules by conformation changes in 
pre-existing proteins, whereas the gene and protein expression reporters described above require 
transcription, translation, and degradation to respond to changes. 

Single fluorescent protein-based sensors 
Changes in calcium concentration can be measured by single fluorescent protein-based genetically 
encoded calcium sensors (GECIs), such as GCaMPs and Pericams (Horikawa, 2015). In this type of GECI, 
intensity of fluorescent protein emissions are modulated by calcium-binding modules (Tian et al., 2009; 
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Chen et al., 2013). Fluorescent proteins are split into N and C terminal parts, then linked by CAM and 
M13 (N-CAM-M13-C), but the order of protein segments is circularly permuted (M13-C-N-CaM) so that 
the proximity of the N- and C-terminal protein domains is modulated by CaM (Baird et al., 1999). These 
GECIs are able to detect intracellular calcium concentration changes triggered by a single action 
potential (Lutcke et al., 2010; Yamada et al., 2011) as well as slow calcium changes as a summed effect 
of multiple action potentials or intracellular calcium stores. In the circadian rhythm field, slow cytosolic 
calcium changes over days are measured in mouse SCN or in fly clock neurons (Brancaccio et al., 2013; 
Liang et al., 2016).  

Other fluorescent protein sensors 
Single fluorescent protein-based voltage sensors have been developed to directly detect action 
potentials (Jin et al., 2012). In the circadian rhythm field, a single action potential was detected in 
Drosophila clock neurons using ArcLight (Cao et al., 2013).  

Many other fluorescent protein-based genetically encoded sensors are available. For example, there are 
heme sensors (Hanna et al., 2016), redox sensors (Sugiura et al., 2015; Gibhardt et al., 2016), and 
extracellular glutamate sensors (Xie et al., 2016). These sensors may open new aspects of circadian 
biology to future investigation. 

Conclusion 
Bioluminescence reporters are highly quantitative and nontoxic tools that enable noninvasive long-term 
recording. In the circadian rhythm field, luciferases are frequently used to monitor temporal gene and 
protein quantification. Fluorescent reporters have high spatial resolution and are often used to visualize 
the sites of gene or protein expression and are less frequently used to quantify gene or protein 
expression. Fluorescent protein-based sensors are also useful tools to monitor circadian rhythms of 
small molecules, such as calcium.  
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