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Abstract

Plant synthetic biology requires precise characterization of genetic elements to construct 

complex genetic circuits that can improve plant traits or confer them with new characteristics. 

Transcriptional reporter assays are essential to quantify the effect of gene expression regulator 

elements. Additionally, transcriptional reporter systems are a key tool in understanding control of 

gene expression in biology. In this work, we construct and characterize a dual color luciferase 

ratiometric reporter system that possesses several advantages over currently used reporters. It is 
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ratiometric, thus reducing variability and increasing consistency between experiments; it is fast, 

as both reporters can be measured at the same time in a single reaction, and it is less expensive 

to perform than current dual luciferase reporter assays. We have validated our system quantifying 

the transcriptional capability of a panel of promoters and terminators commonly used in synthetic 

biology with a broad range of expression magnitudes, and in a biologically relevant system, nitrate 

response.
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INTRODUCTION

Agronomy faces significant global challenges and addressing these will require the adoption 

of genetic manipulation technologies used in synthetic biology. Synthetic biology tools 

can aid in both understanding endogenous transcriptional regulation and designing genetic 

circuits to confer plants novel traits. Complex DNA constructs can be assembled from 

different genetic elements with modular cloning toolkits (e.g., Golden-Braid1) together 

with the Phytobrick standard that systematizes sequence requirements for cloning.2 In 

plants, the most commonly employed reporters to measure transcriptional activity are 

fluorescent proteins, beta-glucuronidase, and luminescent proteins.3 Variability commonly 

found between samples and experiments can be reduced using ratiometric assays with 

a second invariable reporter as an internal reference (e.g., renilla/firefly luciferase).1 

However, activity of these dual reporters is measured by different methods,4,5 or in 

sequential reactions with distinct kinetics.6 Additionally, these assays often require sample 

homogenization and protein extraction, and are thus unpractical for high-throughput assays.

Here, we developed a ratiometric dual color luciferase reporter assay to quantify 

transcriptional activity of genetic elements in plants. This GREAT (green/red luciferase 

ratiometric) reporter system is based on two luciferases that process the same substrate 

and emit light at different wavelengths. This system is (i) ratiometric, with both reporters 

measured by the same method and at the same time, (ii) has a high dynamic range output 

that allows precise comparison of a wide range of expression magnitudes, (iii) requires 

minimal sample preparation time, and (iv) is less expensive than currently used dual 

luciferase methods.
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RESULTS AND DISCUSSION

Previous characterization of luciferases with different attributes has been performed mainly 

in cell culture or animals.6−8 As metabolites in plant extracts can alter luciferase emission 

properties,9 we surveyed a panel of luciferases that emit green or red luminescence6 by 

transiently expressing them in Nicotiana benthamiana leaves through agroinfiltration. We 

extracted total protein from leaf tissues and measured luciferase emission spectra and 

stability 3 days postinfiltration (Materials and Methods). We selected E-Luc10 and Red-

F11 as green- and red-emitting luciferases, respectively, because this pair of luciferases 

exhibited the most distant emission peaks (Figure 1A, 541 and 608 nm, respectively). 

Additionally, both luciferases showed very similar and stable reaction kinetics that allow 

reliable relative measurements starting 10 min after extraction and substrate miXing, with 

stable luminescence for over 2 h (Figure 1B). These properties allow characterization of 

many samples in a standard luminometer without the need for expensive injectors required 

for time-sensitive coelenterazine-using luciferases (e.g.,Renilla luciferase). Using a single 

substrate to measure luminescence from both luciferases also greatly reduces the economic 

cost of the assay (Promega Steady-Glo Assay used herein costs 1.12$ per reaction compared 

to Promega Dual Luciferase Reporter assay cost of 2.29$ per reaction). Moreover, we were 

able to measure stable luminescence directly from leaf discs, effectively eliminating sample 

preprocessing (Figure 1B, Materials and Methods). This method greatly reduces sample 

processing time (protein extraction takes 20 min, see Materials and Methods) and labor 

(using a single substrate halves luminescence measuring time compared to renilla/firefly 

assays), and thus, is amenable for high-throughput measurements.

As there is partial signal overlap between E-Luc and Red-F, we used a previously described 

simple deconvolution method that allows precise adscription of luminescence signal to 

each luciferase (Promega Technical Manual TM062). Other deconvolution methods (e.g., 

simultaneous equations6) could be adapted to this reporter system. Calibration constants 

are calculated measuring green-, red-filtered, and total luminescence (Figure 1A). These 

constants only need to be calculated once if the measurement conditions that affect 

luminescence are kept fiXed in subsequent experiments (e.g., temperature, pH). We tested 

signal deconvolution for each luciferase by measuring luminescence of a serial dilution 

of one luciferase to which we added different amounts of the other luciferase. We then 

compared the deconvoluted signal to expected red or green luminescence measured from 

extracts with only one of the luciferases. We found that when luminescence from the 

second luciferase is very high compared to the first one, the deconvoluted signal of the 

first luciferase can be overestimated (Figure 1C, leftmost panels). When the amount of the 

second luciferase was reduced, this overestimation was eliminated and the deconvoluted 

luminescence perfectly matched the expected luminescence value (Figure 1C). On the basis 

of these results, we selected a Red-F transcriptional unit that produced moderately low 

luminescence (pNOS:Red-F:NOSt) as the normalizer reporter for our ratiometric system. 

We recommend conducting a similar assay to the one described here and including the 

deconvolution deviation in final calculations when the expected measurements will vary over 

a wide range of magnitudes.
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We then constructed a ratiometric vector including both luciferases to quantify how 

ratiometric normalization reduces variability when measuring transcriptional activity 

(pGREAT2). We agroinfiltrated several Nicotiana benthamiana leaves and, as expected, 

we observed a great degree of variability when measuring green luminescence in different 

leaves, quantified by a coefficient of variability (CV) of 50.93%. This variability was also 

proportional to red luminescence (CV of 45.44%), suggesting that each leaf exhibited 

diverse degrees of transcription/translation that affected both luciferases equally (Figure 

1D). When green luminescence was normalized by red luminescence, variability was greatly 

reduced to a CV of 9.85% (Figure 1E).

We then used the GREAT reporter to systematically measure transcriptional activity of 

a set of five promoters and five terminators commonly used in plant synthetic biology. 

We specifically chose genetic elements with different activities to test our system over a 

wide range of expression levels. We Phytobrick-adapted these sequences, and built E-Luc 

transcriptional units with all possible combinations of promoters and terminators together 

with pNOS:Red-F:NOSt for ratiometric normalization, using the modular GoldenBraid 

system1 (pGREAT1−25, Supporting Information, Table 1). We agro-infiltrated these vectors 

into Nicotiana leaves and measured green/red luminescence of each plasmid, using the 

pGREAT1 (pNOS:E-Luc:NOSt and pNOS:Red-F:NOSt) vector as an internal normalizer, 

as this practice has been shown to reduce interexperiment technical variability.1 We found 

that our system enabled expression quantification from 0.4 to 137.2 relative luminescence 

units, confirming that our system can be used to reliably quantify transcriptional activity 

over at least 4 orders of magnitude (Figure 1F). The aforementioned characteristics of the 

GREAT reporter system are ideal for these types of screens by reducing the time and cost of 

the assay. Additionally, we used our system to measure the responsiveness of a Phytobrick-

adapted β-estradiol inducible promoter (pGREAT26).12 We were able to measure a 40-fold 

green/red luminescence induction 24 h after treatment with 20 μM β-estradiol (Figure 1G).

We also tested if the GREAT system could be used to measure biologically relevant 

transcriptional responses. We cloned the Arabidopsis Nitrate-Regulated Promoter13 to 

control E-Luc expression (pGREAT27). We transformed Arabidopsis root protoplasts14,15 

and treated them with increasing nitrate concentrations for 16 h. We observed a significant 

induction of green/red luminescence proportional to the nitrate concentration, validating our 

system (Figure 1H).

In summary, we have developed a system that possesses several advantages over other 

commonly used methods to measure transcriptional activity, and we have provided 

evidence of its potential applications. We have deposited the standardized Phytobricks and 

pGREAT1−27 plasmids generated herein (Supporting Information, Table 1) in the Addgene 

repository, including detailed sequence maps (Addgene #170873–170915). We expect that 

the system described in this work will help advance our understanding of transcriptional 

regulation and accelerate plant synthetic biology.
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MATERIALS AND METHODS

Plasmid Construction.

Sequences of promoters and terminators were either PCR amplified with primers designed 

to remove Esp3I/BsaI/BbsI restriction sites (Supporting Information, Table 2) or synthesized 

de novo without these sites (Twist Biosciences) to comply with the Phytobrick standard. 

Q5 polymerase (New England Biolabs, cat no. M0491S) was used for PCRs, following 

manufacturer instructions. Because of primer length, a two-step amplification protocol was 

used with a single 72 °C annealing/amplification cycle. PCR fragments were gel purified 

(Qiagen, cat no. 28704). For GoldenGate reactions to generate Phytobricks, equimolar 

amounts of PCR fragments in a 2:1 ratio to 40 femtomoles of pUPD2 plasmid were used. 

Ten microliter reactions with 1 uL (400 units) of T4 Ligase (New England Biolabs, cat 

no. M0202S) and 0.5 uL (5 units) of Esp3I (New England Biolabs, cat no. R0734S) 

in 1× T4 Ligase Buffer were incubated for 40 cycles of 5 min 37 °C and 5 min 16 

°C, with a final step of 5 min 60 °C. A 5 uL aliquot of the GoldenGate reaction was 

transformed into 100 uL of competent XL-1 Blue E. coli cells (UC Berkeley Macrolab) by 

heat shock. Transformed cells were plated on LB+Agar plates with IPTG+X-Gal selection. 

Three to five white colonies were selected for colony PCR, and plasmids were isolated by 

miniprep (Zymo Research, cat no. D4015) from positive colonies. Insert sequences were 

verified by Sanger Sequencing. Transcriptional units (promoter, E-luc/Red-F, terminator) 

were generated by a similar GoldenGate reaction, using BsaI-HFv2 (New England Biolabs, 

cat no. R3733S) instead of Esp3I with equimolar amounts of the three phytobricks and 

plasmids pDGB1 alpha1 for E-luc transcriptional units and pDGB1 alpha2 for Red-F 

transcriptional units as backbones. Plasmids with dual transcriptional units (pGREAT) were 

generated by GoldenGate reactions with Esp3I and equimolar amounts of E-luc and Red-F 

transcriptional units and pDGB1 omega1 as backbone. Sanger sequencing was performed to 

verify sequence integrity at ligation sites.

Agroinfiltration.

Agroinfiltration experiments were performed as in ref 1 with minor modifications. Briefly, 

5 mL of overnight cultures of Agrobacterium tumefaciens strain GV3101+pMP90+pSOUP 

harboring different pGREAT plasmids were pelleted and resuspended in agroinfiltration 

solution (50 mM MES, pH 5.5, 100 mM MgCl2 and 200 μM acetosyringone) to an optical 

density of 0.1 at 600 nm. Resuspensions were incubated for 2−4 h at room temperature on 

a rotatory shaker at 60 rpm. Agroinfiltration were carried out through the abaxial surface of 

the third and fourth youngest leaf of each plant with a 1 mL needle-less syringe.

Protein Extraction.

Protein extraction was performed 3 days postinfiltration. Briefly, 30 mg of leaf tissue per 

sample was collected into a 2 mL tube (Biospec Products, cat no. 330TX) with two 3.2 

mm chrome steel beads (RPI, cat. no. 9840) and flash frozen in liquid N2 immediately. 

Frozen samples were ground in a Mini-beadbeater (Biospec Products, cat. no. 3110BX) 

tissue homogenizer for 5 s at 25 Hz frequency, twice. Then, 100 μL of 1× Passive Lysis 

buffer (Promega, cat no. E1941) was added per tube, and the tube was vigorously vortexed 

until the ground sample was completely dissolved and no clumps were visible. Tubes were 

González-Grandío et al. Page 5

ACS Synth Biol. Author manuscript; available in PMC 2023 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



left at room temperature for 10 min, then centrifuged at 12000g to pellet cell debris, and the 

supernatant was transferred to a new Eppendorf tube.

Luminescence Quantification.

Promega Steady-Glo Assay (Promega, cat no. E2510) was used following manufacturer 

instructions with minor modifications. A 20 μL aliquot of protein extract or a 1/4 in. 

leaf disc produced with a leaf punch (Thomas Scientific, cat no. 1197R21) or 3 × 104 

protoplasts were added to 100 μL of Steady-Glo reagent per well of Lumitrac 200 96-well 

plate (Greiner Bio-one, cat no. 655095). Luminescence was measured in a Tecan M-100PRO 

plate reader at 25 °C, using Lumi Green and Lumi Red filters and an integration time 

of 1 s per well. To calculate signal deconvolution coefficients, total, Lumi Green-, and 

Lumi Red-filtered luminescence were measured, and a Promega Chroma-Luc Technology 

calculator spreadsheet (Promega Technical Manual TM062) was used.

Arabidopsis Root Protoplast Transformation.

Arabidopsis root protoplasts were generated as described in ref 2, and PEG-Calcium 

transformations were performed as described in ref 3.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Characterization and validation of a ratiometric dual color luciferase reporter system. (A) 

Emission spectra of E-Luc and Red-F luciferases. Wavelengths transmitted by green- 

and red-light filters are shown. (B) Luminescence stability from protein extract or leaf 

discs. (C) Signal deconvolution of Red-F and E-Luc. Deconvoluted signal is compared 

to expected red or green luminescence in counts per second (cps). (D) Correlation of 

deconvoluted green and red luminescence from plants agroinfiltrated with pGREAT2. The 

orange line represents linear regression. (E) Dispersion of luminescence in samples from 

panel D. Green and red luminescence are normalized to the average luminescence. The 

black dot represents the average, and the vertical lines are the standard deviation. (F) 

Green/red luminescence from plants agroinfiltrated with pGREAT1−25 plasmids. Green/red 

luminescence is relative to pGREAT1 (pNOS:E-Luc:NOSt). (G) Green/red luminescence of 

an agroinfiltrated plasmid in which E-luc is under control of an estradiol inducible promoter 

(pGREAT26). Leaves were infiltrated with 20 μM β-estradiol. (H) Green/red luminescence 

of Arabidopsis root protoplasts transformed with a plasmid in which E-luc is under control 

of the Nitrate-Regulated Promoter (pGREAT27). Protoplasts were incubated with increasing 

nitrate concentrations. In panels B and C, the line represents average luminescence, the 

faded band represents a 95% confidence interval. Error bars in G and H represent the 

standard error of the mean. t test statistical significance in G and H is denoted as follows: *, 

p- val < 0.05; **, p-val < 0.01; ***, p-val < 0.001. n = 3 for each treatment/condition except 

in panels D and E, where n = 8 and panel C, where n = 3−6.
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