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    Chapter 14   

 Quantitating Plant MicroRNA-Mediated Target Repression 
Using a Dual-Luciferase Transient Expression System 

           Qikun     Liu     and     Michael     J.     Axtell    

    Abstract 

   microRNA (miRNA) mediated repression of target genes plays essential roles in a variety of functions in 
plants. An easy-to-use method that can effectively validate functional miRNA–target interactions in plants 
thus is of particular interest. Here, we describe an  Agrobacterium tumefaciens -mediated in vivo assay 
utilizing a dual-luciferase reporter system. With this method, the strength of miRNA-mediated target 
repression can be quantifi ed at both the mRNA (via qRT-PCR) and protein (via dual-luciferase assay) 
levels quickly and accurately.  

  Key words     Agro-infi ltration  ,   Dual-luciferase assay  ,   qRT-PCR  ,   microRNA–target interaction  , 
  microRNA activity  ,   Target effi cacy  

1      Introduction 

 Multiple tools have been successfully developed to computationally 
predict miRNAs and potential target genes in animals and plants 
[ 1 – 4 ]. In plants, typical methods for validating miRNA function 
often involve analysis of molecular and morphological phenotypes 
in stable transgenic and mutant lines [ 5 – 9 ]. Although effective, the 
labor and amount of time involved in these types of analysis are not 
trivial. In some cases, posttranslational regulation of targets can 
give false positives in such experiments [ 10 ]. In vitro slicing assays 
can also be used to validate miRNA–target interactions [ 5 – 7 ,  11 ]. 
However, given that many plant miRNAs affect protein accumula-
tion levels to a much greater degree than they affect mRNA levels, 
examining target mRNA cleavage alone may produce false negatives 
[ 12 ,  13 ]. In addition, genome-wide analysis using high-throughput 
methods were also reported [ 14 – 16 ], but these are also limited to 
analysis of mRNA-specifi c readouts. 

  Agrobacterium tumefaciens -mediated transient transformation 
of  Nicotiana benthamiana  leaves has been widely used to study 
plant miRNA–target interactions [ 4 ,  5 ,  17 ]. We coupled this 
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system to a dual-luciferase based reporter assay, where  Renilla 
reniformis  luciferase ( R-Luc ) and fi refl y ( Photinus pyralis ) luciferase 
( F-Luc ) are placed on a single vector (Fig.  1 ). Two unique restric-
tion sites are embedded into the  F-Luc  gene to facilitate cloning of 
various potential miRNA target sites. miRNA overexpressor and 
dual-luciferase reporters are transiently co-expressed in  N. ben-
thamiana  leaves.  R-Luc  serves as a constant to control for leaf-to- 
leaf or day-to-day variations in transformation effi ciency. Effi cacies of 
miRNA–target interactions are quantifi ed at both the mRNA and 
protein levels based upon  F-Luc / R-Luc  ratios. Our vectors offer tar-
get sites in two different contexts: ORF and 3′-UTR, which have 
been validated to function with high sensitivity and reproducibility 
[ 18 ]. Our vectors are available through Addgene website (  www. 
addgene.org    ) under accession numbers 55207 and 55206.   

2    Materials 

      1.    Instruments 
 Dual-luciferase assays are performed using a Glomax 96 micro-
plate luminometer equipped with dual robotic injectors 
(Promega E6521). Real-time PCR assays are carried out on an 
Applied Biosystems Step-One-Plus Real-Time PCR system 
(Life Technologies 4376600). Other standard laboratory 
instruments required for the procedure include a thermocy-
cler, centrifuge, and spectrophotometer.   

   2.    Regular laboratory consumables 
 Cuvettes, 1.5-mL microcentrifuge tubes, plastic pestles 
(Kimble Chase cat. # 749521-1500), tweezers, scissors, a por-
table hole puncher, 1-mL syringes, 15-mL falcon tubes, 50-mL 

2.1  Instruments 
and Regular 
Laboratory 
Consumables
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  Fig. 1    Schematic diagram of dual-luciferase sensors.  Upper , ORF sensor;  Lower , 3′-UTR sensor. P35S, promoter 
sequence of the CaMV  35S  gene; P NOS , promoter sequence of the  nopaline synthase  gene.  Vertical dashed lines  
indicate codons       
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falcon tubes, 10-mL serological pipettes, PIPETBOY, 
Kimwipes tissues, 10-mL glass culture tubes and caps, inocu-
lating loops, pipette tips, razor blades, and liquid nitrogen.      

      1.    Restriction enzymes:  AvrII  and  AgeI .   
   2.    T4 DNA ligase.   
   3.    Plasmid extraction kit.   
   4.    Dual-luciferase assay reagents (Luciferase Assay System 

(Promega),  see   Note 1 ).   
   5.    RNA extraction, reverse transcription, and qRT-PCR reagents. 

 RNA extraction reagents are provided by QIAGEN miRNeasy 
mini kit. Reverse transcription reagents are provided by 
QIAGEN QuantiTect Reverse Transcription Kit. qRT-PCR 
reagents are provided by QIAGEN QuantiTect SYBR Green 
PCR kit ( see   Note 2 ).   

   6.    LB agar and LB broth (Miller formula) 
 LB agar formula (g/L): tryptone 10 g, yeast extract 5 g, 
sodium chloride 10 g, agar 15 g. 
 LB broth formula (g/L): tryptone 10 g, yeast extract 5 g, 
sodium chloride 10 g.   

   7.    Antibiotics stock solution 
 kanamycin (K, 25 mg/mL), rifampicin (R, 50 mg/mL), tetra-
cycline (T, 5 mg/mL), gentamicin (G, 25 mg/mL).   

   8.    Bacterial strains 
 Chemically competent  E. coli  (e.g., Life technologies, One 
Shot TOP10) 
  A. tumefaciens  strain GV3101 harboring pMP90 and pSoup   

   9.    Soil (e.g., Sunshine MVP) 
 Formulated with vermiculite, Canadian Sphagnum peat moss, 
coarse perlite, starter nutrient charge (with gypsum), and dolo-
mitic limestone.      

  Prepare all solutions using autoclaved deionized water and analyti-
cal grade reagents. All reagents are stored at room temperature 
unless mentioned otherwise or indicated by the manufacturer.

    1.    1 M MgCl 2  stock: Add about 20 mL water in a 100-mL glass 
bottle. Weigh 10.17 g MgCl 2  and transfer to the glass bottle. 
Mix and transfer solution to a 100-mL graduated cylinder. 
Add water up to 50 mL. Mix and transfer back to glass bottle. 
Autoclave.   

   2.    100 mM 2-( N -morpholino)ethanesulfonic acid (MES) stock: 
Add about 150 mL water in a 500-mL glass bottle. Weigh 
5.33 g MES and transfer to the glass bottle. Mix and adjust pH 
to 5.7 with 10 M KOH. Transfer solution to a 250-mL gradu-
ated cylinder and add water up to 250 mL. Filter-sterilize.   

2.2  Kits 
and Reagents

2.3  Agro-infi ltration

Quantifi cation of MicroRNA-Mediated Repression
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   3.    100 mM acetosyringone stock: Weigh 196 mg acetosyringone 
and dissolve in 10 mL DMSO. Filter-sterilize using nylon mem-
brane fi lters (0.2 µm) and aliquot into 1.5-mL microcentrifuge 
tubes. Store at −80 °C for long-term storage.       

3    Methods 

   N. benthamiana  plants are grown at 22 °C under 24-h-light condi-
tions. Each pot (3 × 3 × 2, L × W × D by inches) contains one plant. 
Two fl ats (18 pots each) of plants are planted regularly each week. 
Plants that are exactly 1-month old are most suitable for infi ltra-
tion (3–5 young leaves, Fig.  2a ).   

  Two versions of dual-luciferase reporter plasmids (ORF sensor 
(Addgene 55207) and 3′UTR sensor (Addgene 55206)) including 
plasmid maps and full plasmid sequences are available through 
Addgene (  www.addgene.org    ) (Fig.  1 ). Both are pGreen II derived 
plasmids. In the ORF sensor, miRNA target site was fused to the 
Firefl y Luciferase open reading frame. 3′UTR sensor contains the 
target site in the 3′UTR region of the Firefl y Luciferase ( see   Note 3 ). 
Oligos corresponding to desired target sequences need to be 
obtained on a case-by-case basis (Fig.  1 ).

3.1  Plant Growth

3.2  Making Dual- 
Luciferase Reporters

  Fig. 2    Illustration of plant materials and Agro-infi ltration. ( a ) One-month-old  Nicotiana benthamiana  plants. 
( b ) Illustration of Agro-infi ltration. Infi ltrated area appears  darker green        
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    1.    Order desired DNA oligos fl anked by  AvrII  and  AgeI  restriction 
sites. For the sense strand, the  AvrII  site is on the oligo 5′ end, 
and the  AgeI  site is the oligo 3′ end ( see   Note 4 ).   

   2.    Dissolve lyophilized oligos in water to obtain 100 µM stock. 
In a small thin-wall PCR tube, anneal oligos to make double- 
stranded inserts by mixing 0.5 nanomoles (5 µL each) of sense 
and antisense oligos, and add water to up to 48.3 µL. Add 
1.67 µL of 0.3 M NaCl. Mix well.   

   3.    Program thermal cycler as follows: 97 °C 5 min, ramp down to 
20 °C at 0.1 °C/s. Run the program with the mixture from 
 step 2 .   

   4.    Perform  AvrII  and  AgeI  double-digestion of the dual-luciferase 
plasmid. Use 1 µg plasmid as input. Run an agarose gel of the 
digestion products and purify the plasmid band ( see   Note 5 ).   

   5.    Perform T4 DNA ligase mediated ligation of double-digested 
plasmid (10 ng) with hybridized inserts (1 µL from  step 3 ). 
Add a no-insert control to monitor self-ligation due to incom-
plete double digestion, which results in background colonies 
upon transforming  E. coli .   

   6.    Transform chemically competent  E. coli  cells using a standard 
procedure (e.g., One Shot TOP10 kit from Life Technologies) 
and incubate overnight at 37 °C. Successful transformants 
carry kanamycin resistance and thus survive on LB-agar plates 
supplemented with 50 µg/mL kanamycin.   

   7.    Perform colony PCR followed by sequencing check to confi rm 
appropriate insertion ( see   Note 6 ).   

   8.    Desired plasmids are transformed into  A. tumefaciens  strain 
GV3101 harboring pMP90 and pSoup plasmids.  A. tumefa-
ciens  strain GV3010::pMP90 is the most commonly used strain 
for  Arabidopsis  fl oral dip transformation and is widely distrib-
uted at plant biology labs around the world. We are also happy 
to ship this strain upon request. Plasmid pSoup is part of the 
pGreen binary vector system, and can be requested under a 
material transfer agreement from   http://www.pgreen.ac.uk/    . 
Add 1 µg of plasmids to competent cells, and stir gently with 
pipette tip. Return to ice for 15 min. Freeze in liquid nitrogen 
for 5 min. Thaw at room temperature for around 10 min. Add 
1 mL LB (no antibiotics) and shake at 28 °C for 4 h. Plate on 
selection plates (RTGK) to recover positive transformants after 
48 h. Successful transformants should carry rifampicin, tetracy-
cline, gentamicin, and kanamycin resistance ( see   Note 7 ).    

    microRNA overexpressor plasmids derive from a pGreen II based 
vector containing a CaMV 35S promoter, and a corresponding 
microRNA precursor. The overexpressor can be made by modifying 
the GUS competitor plasmid (Addgene ID 55208).

3.3  Making 
microRNA 
Overexpressor 
Plasmids

Quantifi cation of MicroRNA-Mediated Repression
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    1.    PCR amplify the desired microRNA precursor (hairpin region 
plus 100-bp upstream and 100-bp downstream sequences) 
fl anked by  XhoI  and  EcoRI  on its 5′ and 3′-end, respectively. 
The primer sequences and amplifi cation conditions are depen-
dent on the amplicon.   

   2.    Double digest PCR products and GUS competitor with  XhoI  
and  EcoRI , followed by ligation.   

   3.    Transform chemically competent  E. coli  cells using a standard 
procedure (e.g., One Shot TOP10 kit from Life Technologies) 
and incubate overnight at 37 °C. Successful transformants 
carry kanamycin resistance and thus survive on LB-agar plates 
supplemented with 50 µg/mL kanamycin.   

   4.    Perform colony PCR followed by sequencing check to confi rm 
appropriate insertion.   

   5.    Desired plasmids are further transformed into  A. tumefaciens  
strain GV3101 harboring pMP90 and pSoup plasmids.      

       1.    Around midday, prepare 16 mL of LB broth containing the 
following three antibiotics (fi nal concentration): rifampicin 
(R, 50 µg/mL), tetracycline (T, 5 µg/mL), gentamicin 
(G, 25 µg/mL).   

   2.    Aliquot 2 mL of LB (RTG) into a 10-mL glass culture tube 
covered with metal cap. This is for no-vector control.   

   3.    Add kanamycin (K) to the remaining 14 mL LB (RTG) to a 
fi nal concentration of 25 µg/mL, and mix thoroughly.   

   4.    Aliquot 2 mL of LB (RTGK) each into seven additional 10-mL 
glass culture tubes.   

   5.    Inoculate a single colony of each strain (miRNA overexpressor, 
positive control sensor, negative control sensor, three test 
sensors, no-vector control) from plates. Grow all seven cul-
tures plus a no-cell control at 28 °C at 280 rpm overnight to 
reach saturation ( see   Note 9 ).      

      1.    Around 6 pm, prepare 50 mL LB broth containing the follow-
ing three antibiotics: rifampicin (50 µg/mL), tetracycline 
(5 µg/mL), gentamicin (25 µg/mL).   

   2.    Aliquot 4 mL of LB(RTG) into a 10-mL glass culture tube 
with metal cap. This is for no-vector control.   

   3.    Add kanamycin to the remaining 46 mL of LB(RTG) to a fi nal 
concentration of 25 µg/mL, and mix thoroughly.   

   4.    Aliquot 20 mL of LB(RTGK) into fi ve 10-mL culture tubes at 
4 mL per tube. These are for different sensor strains.   

   5.    Aliquot 2 mL of LB(RTGK) into a 10-mL culture tube. 
This is for no-cell control to monitor possible contamination 
of LB media.   

3.4  Agro-infi ltration 
( See   Note 8 )

3.4.1  Day 1: Primary 
Inoculation

3.4.2  Day 2: Secondary 
Inoculation
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   6.    Transfer the remaining 24 mL of LB(RTGK) into an autoclaved 
100-mL fl ask covered with aluminum foil. This is for miRNA 
overexpressor strain.   

   7.    Inoculate secondary working cultures from the overnight 
starter cultures at a 1:100 dilution and grow at 28 °C 280 rpm.      

      1.    In the early morning (around 9 am), check the OD 600  value of 
the cell cultures ( see   Note 10 ).   

   2.    Prepare a total of 100 mL infi ltration media (IM,  see   Note 11 ). 
Mix 88.85 mL water, 1 mL of 1 M MgCl 2  stock, 10 mL of 
100 mM MES stock, and 150 µL of 100 mM acetosyringone 
stock in a glass bottle.   

   3.    Label six 15-mL falcon tubes for each strain. Use 50-mL fal-
con tube for miRNA overexpressor.   

   4.    Transfer the cell culture into corresponding falcon tubes and 
harvest cells by centrifugation at 3,000 ×  g , 22 °C for 5 min. 
Alternatively, extend centrifugation to 10 min for volumes 
larger than 10 mL.   

   5.    Pour off supernatant into an empty fl ask, and blot dry the 
opening of falcon tubes on Kimwipes.   

   6.    Add 2 mL of room-temperature IM to each cell pellet and 
resuspend by vortexing to obtain stock cultures. Once cells are 
resuspended, set a timer for 4 h ( see   Note 12 ).   

   7.    Adjust OD 600  of each culture to 0.5 with IM to obtain ~5 mL 
of cells for each sensor and no-vector control and 30 mL of 
overexpressor ( see   Note 13 ).   

   8.    Set up six 15-mL falcon tubes for mixture of microRNA over-
expressor with different sensors, and label accordingly. Mix 
equal volumes (4 mL) of OD 600 -adjusted sensors (or no- vector 
control) and miRNA overexpressor per tube. Now each tube 
should contain 8 mL of IM cultures, with miRNA overexpres-
sor and sensor mixed at 1:1 ratio.   

   9.    IM cultures are kept on the bench-top at room temperature 
before infi ltration. Keep the cap loose to allow the exchange of 
fresh air.   

   10.    Record treatments and corresponding plant ID in lab note-
book ( see   Note 14 ).   

   11.    Infi ltration starts at around 2:30 pm (4 h from resuspension). 
Use permanent marker to label ID on all three leaves (near the 
edges) that will be infi ltrated ( see   Note 15 ).   

   12.    Wear a pair of gloves. Fill 1-mL syringe with well-mixed IM 
culture (cells settle during incubation). Use a razor blade to 
make a tiny wound on the abaxial (lower) surface of a leaf. 
The wounded site should be around 5–10 mm away from the 

3.4.3  Day 3: Infi ltration

Quantifi cation of MicroRNA-Mediated Repression
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mid- vein. Hold the leaf in one hand with abaxial side fl ipped 
up and support the wounded region gently with one of your 
fi ngers. Gently press syringe against the supporting fi nger 
(Fig.  2b ). IM should spread immediately. Make a second 
wound on the other side of the mid-vein if necessary, and infi l-
trate until the whole leaf area is fi lled up. Infi ltrated areas are 
obvious because they turn darker green (Fig.  2b ). Repeat infi l-
tration for all three plants (nine leaves, three per plant) using 
the same cell mixture.   

   13.    Cut paper towels into small pieces and blot excess IM off the 
leaf surface.   

   14.    Change a pair of gloves before moving on to the next treat-
ment. Alternatively, thoroughly clean the gloves with plenty of 
water and ethanol.   

   15.    Place plants back into the growth room. Allow enough distance 
between plants to avoid direct contact between plants exposed 
to different treatments.      

         Infi ltrated leaf samples will be collected on Day 5 (48 h after infi l-
tration). Nothing needs to be done on day 4. 

     1.    Around 2:00 pm, set up 4 microcentrifuge tubes on rack per 
plant (three tubes for protein-level assay, and one tube for 
RNA-level assay). Label accordingly ( see   Note 16 ).   

   2.    Cut off all three labeled leaves from the fi rst plant. Punch six leaf 
discs from each leaf. Collect three discs into each of the three 
protein-tubes (one disc from each leaf). Collect nine discs into 
one RNA-tube (three discs from each leave). Freeze samples in 
liquid nitrogen immediately.   

   3.    Before moving on to a sample of a different treatment, thor-
oughly clean the puncher head with 70 % ethanol to avoid cross 
contamination.   

   4.    Proceed with all samples.   
   5.    Briefl y cool plastic pestles in liquid nitrogen and grind samples 

to fi ne powder. Fully ground samples are stored at −80 °C 
prior to protein and RNA assay ( see   Note 17 ).       

      1.    Determine the loading pattern of your samples and calculate 
the amount of reagents required (Table  1 , also  see   Note 19 ).

       2.    Prepare lysis buffer (PLB), fi refl y luciferase substrate solution 
(LARII), and  Renilla  luciferase substrate solution (Stop&Glo, 
 see   Note 20 ).   

   3.    If using Luciferase Assay System (Promega), chill PLB on ice 
prior to the test. Turn on the luminometer and prime the robotic 
injector with LARII and S&G. Program GloMax software by 
highlighting appropriate wells being tested.   

3.4.4  Day 4: No Activity; 
Wait Until Day 5

3.4.5  Day 5: Sample 
Collection

3.5  Dual-Luciferase 
Assay (  See   Note 18 )
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   4.    Set pipette at 10 µL and have a new box of 20-µL tips ready.   
   5.    Take out group-one technical replicates of all 17 ( see   Note 14 ) 

samples for protein assay from freezer. Store in liquid nitrogen 
immediately ( see   Note 21 ).   

   6.    Move three to six samples at a time from liquid nitrogen onto 
a rack at room-temperature, add 500 µL of ice-chilled PLB. 
Vigorously shake and vortex samples immediately to completely 
resuspend the tissue powder in the solution. Place samples 
back onto ice right after resuspension ( see   Note 22 ).   

   7.    Repeat  step 6  for other samples until all 17 samples are fully 
resuspended and stored on ice.   

   8.    Centrifuge the samples at top speed, 4 °C, for 30 s to pellet 
cell debris. Place samples back onto ice immediately after 
centrifugation.   

   9.    Load 10 µL of the supernatant from each sample into 
 designated position on the 96-well plate ( see   Note 23 ).   

   10.    Load the plate and start the run.   
   11.    Take out group-two technical replicates of all 17 samples 

( see   Note 14 ) from freezer into liquid nitrogen, and repeat 
 steps 6 – 10  for the second run.   

   12.    Take out group-three technical replicates of all 17 samples 
( see   Note 14 ) from freezer into liquid nitrogen, and repeat  step 
6 – 10  for the third run.   

   13.    The luminometer will measure F-Luc and R-Luc activities 
separately for each sample. Raw measurements (F-Luc and 
R-Luc) are automatically entered into two tables.      

     Table 1  
  Loading template for dual-luciferase assay in a 96-well plate   

 1  2  3  4  5  6  7  8  9  10  11  12 

 A  1  2  3  4  5  6  7  8  9  10  1  4 

 B  11  12  13  14  15  16  17  1  4  1st run 

 C 

 D  1  2  3  4  5  6  7  8  9  10  1  4 

 E  11  12  13  14  15  16  17  1  4  2nd run 

 F 

 G  1  2  3  4  5  6  7  8  9  10  1  4 

 H  11  12  13  14  15  16  17  1  4  3rd run 

     Numbers correspond to those in  see   Note 14 . Samples that are numbered in red (1, and 4) 
are selected for monitoring nonspecifi c protein degradation. They are loaded repeatedly 
at different positions. The technical replicates are split into three separate runs, with 
each run being analyzed independently  

Quantifi cation of MicroRNA-Mediated Repression
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      1.    To remove background within each run, subtract the F-Luc 
value of mock (sample 17 in  see   Note 14 ) from that of other 
samples. Similarly, subtract the R-Luc reading of mock from 
that of other samples.   

   2.    Calculate the F-Luc/R-Luc ratio for sample 1 which was 
loaded at different positions (A1, A11, and B8 in Table  1 ). 
Plot on the  x -axis the order of the readings obtained (1, 11, 
and 20, correspondingly), and on the  y -axis the F-Luc/R-Luc 
ratio. A gradual decrease in F-Luc/R-Luc value is expected if 
nonspecifi c degradation of F-Luc occurred during the test, 
which we fi nd is often the case. Obtain the best-fi t linear 
regression for the three data points, and use this curve to cal-
culate theoretical values of sample 1 at all loading positions as 
if it is repeatedly tested (from A1, through A12, to B9). The 
ratio of degradation can be calculated by dividing each of the 
theoretic values by value of A1. This ratio suggests the portion 
of luciferases that remain active when signal from correspond-
ing well was being collected. The ratio typically remains above 
50 % for the last theoretical value calculated. We have attempted 
to inhibit this degradation of F-Luc through the use of various 
protease- inhibitor cocktails but have been unsuccessful.   

   3.    Do the same calculation for sample 4 (position A4, A12 and B9).   
   4.    The averaged fold degradation from samples 1 and 4 is used 

for normalizing the F-Luc/R-Luc value for other samples. 
Basically, here we assume the stabilities of all other samples are 
the same as those of sample 1 and 4.   

   5.    Compare the normalized F-Luc/R-Luc value of test samples 
to that of spacer and perfect site controls to determine the 
effi ciency of miRNA–target interactions. The difference 
between positive (perfect site) and negative (spacer) control is 
usually at least fourfold (it varies when choosing different 
microRNAs).      

      1.    Perform RNA extraction and reverse transcription following 
standard protocol or manufacturer’s instructions if using com-
mercial kits ( see   Note 24 ).   

   2.    Perform qRT-PCR, amplifying fi refl y luciferase (F-Luc) and 
 Renilla  luciferase (R-Luc) ( see   Note 25 ).      

      1.    Examine each reaction to make sure there is a single product at 
the expected  T  m . Eliminate samples with aberrant results or no 
amplifi cation.   

   2.    Examine the no-RT and no-RNA controls. Make sure no 
amplifi cation is present ( see   Note 26 ).   

   3.    Examine the threshold line. Some instruments generate thresh-
old line automatically. Manually make adjustment if necessary 
( see   Note 27 ).   

3.6  Dual-Luciferase 
Assay Data Analysis

3.7  qRT-PCR Assay

3.8  qRT-PCR Assay 
Data Analysis
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   4.    Export data as an Excel fi le and calculate mean amplifi cation 
effi ciency ( E ) for both R-Luc and F-Luc amplicons ( see   Note 28 ).   

   5.    To calculate relative expression (RE, F-Luc/R-Luc), use the 
following formula: 

  RE  = (R-Luc-E) (R-Luc-Ct) /(F-Luc-E) (F-Luc-Ct) , where R-Luc-E 
is the calculated amplifi cation effi ciency of R-Luc amplicon. 
R-Luc-Ct is the Ct value of the R-Luc amplifi cation of the cor-
responding sample.   

   6.    To calculate fold-repression, designate your control sample. In 
this example, the control sample is the “spacer control” (plant 
#4, 5, 6). Calculate the median RE value from control samples. 
Normalize other RE values to the median control RE.       

4    Notes 

     1.    Reagents for dual-luciferase assay are purchased as the 
Luciferase Assay System (Promega). Equivalent reagents from 
alternative suppliers may work too, although we have not 
tested them using this protocol.   

   2.    Alternative methods can also be used. If overexpression of the 
miRNA is a concern and needs to be confi rmed later, make 
sure the method of choice can effectively recover small RNA 
portion.   

   3.    Both types of sensors can effectively refl ect the bona fi de 
miRNA–target interactions. However, it is still recommended 
to use both types of sensors in verifying novel miRNA targets. 
However, the 3′-UTR sensor alone can be used for testing 
large amount of candidates due to the advantage of sharing a 
common negative control.   

   4.    For example, for the target sequence ATCGATCGAT-
CGATCGATCGA, the following oligos need to be ordered:

   Sense 5′- CTAGG ATCGATCGATCGATCGATCGA A -3′  
  Antisense 5′- CCGGT TCGATCGATCGATCGATCGA

T C -3′. Partial  AvrII  and  AgeI  restriction sites are under-
lined. Sticky ends are automatically generated upon 
hybridizing the two oligos ( see  Fig.  1 ). If using a 3′-UTR 
sensor, a common 21-nt spacer can be used as a negative 
control (Addgene ID 55206). A sensor harboring cor-
responding perfect-site should also be added as the posi-
tive control. If using an ORF sensor, each target site 
requires a distinct synonymous negative control, where 
the encoded amino acids remain the same with comple-
mentarity being maximally disrupted. We recommend 
designing oligos that contain only the predicted target 
site without upstream or downstream fl anking sequences, 
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unless the experiment is set up to test the functionality of 
target fl anking sequences. It is generally more challeng-
ing to synthesize longer oligos. When designing oligos 
for ORF sensors, it is particularly important to avoid cre-
ation of a premature stop codon introduced by the target 
site. In such case, add one or two nucleotides in between 
the  AvrII  restriction site and the actual target site to shift 
the coding frame. In such case, additional nucleotides 
should also be added in between the target site and the 
 AgeI  restriction site to preserve the original open reading 
frame set by the fused F-LUC.      

   5.    Any commercial gel purifi cation kit should work. It is better to 
run single digestion and undigested controls in parallel. Since 
the region in between the two restriction sites is small (~20 nt), 
successful double digestion generates no visible band besides 
linearized plasmid.   

   6.    Prepare PCR master mix by combining the following compo-
nents (per reaction) on ice:

 18 µL  sterile distilled water 

 2.5 µL  10× PCR buffer (500 mM KCL, 100 mM Tris–HCl (pH 9.0), 
1.0 % Triton-X 100) 

 2 µL  dNTP (2 mM each) 

 0.5 µL  F primer (10 µM stock) 

 0.5 µL  R primer (10 µM stock) 

 0.5 µL   Taq  polymerase (2 U) 

   Scale up according to the number of samples, and aliquot 
24-µL reaction mixture into each 0.2-mL PCR tube. Touch a 
colony with a clean P-2 tip, then place the tip into the reaction 
vessel, and pipette up and down to release some bacteria into 
the solution. 

 Use the following primers and program for colony PCR 
(expected product size 520 bp): 
 F: 5′-GTTTTGGAGCACGGAAAGAC-3′
R: 5′-AAGCTCGGAATTAACCCTCA-3′
PCR program:
Holding Stage:

94 °C, 5 min
Cycling Stage: (35 cycles)

94 °C, 30 s
52 °C, 30 s
72 °C, 35 s
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Holding Stage:
72 °C, 10 min

4 °C, Forever   
   7.    Prepare LB plates ahead containing the following four antibi-

otics of appropriate concentrations: rifampicin (50 µg/mL), 
tetracycline (5 µg/mL), gentamicin (25 µg/mL), and kana-
mycin (25 µg/mL). Rifampicin selects for the chromosome of 
the  Agrobacterium  strain GV3101. Gentamicin selects for the 
large Vir plasmid (pMP90). Tetracycline selects for pSOUP, 
which is a helper plasmid required for pGreenII replication 
(The sensors are derivatives of pGreenII). Kanamycin selects 
for pGreenII and its derivatives. It is recommended to also 
perform colony PCR followed by sequencing check on selected 
 Agrobacterium  colonies, though false positives occur at 
extremely low rate.   

   8.    In this protocol, three candidate miRNA target sites, along 
with a spacer and a perfect site control will be tested (fi ve treat-
ments in total). A miRNA overexpressor will be co- infi ltrated. 
The volume of each reagent required can be scaled up if mul-
tiple samples are tested. For a reasonable amount of workload, 
it is recommended to limit the number of treatments to ten per 
experiment. Each treatment will have three biological repli-
cates using bacterial cultures from the same inoculation. The 
spacer control can be directly obtained from Addgene (ID 
55206).   

   9.    Tubes should be tilted at an angle during incubation. Colonies on 
plates are generally in good condition for around 50 days. Transfer 
colonies to a fresh plate with appropriate antibiotics periodically 
or save glycerol stocks for any long-term experiment.   

   10.    OD 600  should be above 1.5, but not exceeding 1.8 (1 cm path). 
Values within this range indicate that the bacteria are at loga-
rithmic growth phase (most suitable for the experiment). 
Adjust length of incubation time to empirically determine your 
own parameters if necessary.   

   11.    Each treatment requires the sensor strain to be resuspended in 
at least 4 mL IM, to a fi nal OD 600  of 0.5. Empirically, prepar-
ing 7 mL of IM for each sensor should be suffi cient. Since sen-
sors and miRNA overexpressor will be mixed at a 1 to 1 ratio, 
the amount of IM being prepared for miRNA overexpressor 
equals to the total amount of IM prepared for all sensors. In 
this case, a total of 100 mL IM is prepared.   

   12.    It is critical to fully resuspend the cell pellets. Undissolved pellets 
give inaccurate concentration readings. Resuspension is usually 
done around 10:30 am. The infi ltration starts at 2:30 pm.   

   13.    Estimate the amount of stock cultures required. Transfer excess 
stock culture into 1.5-mL microcentrifuge tubes, and label 
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accordingly. Usually, around 0.8 mL of the 2-mL stock culture 
is retained for adjustment. Final volume should reach at least 
4 mL for each sensor being tested.   

   14.    Each plant receives only one treatment (small RNA moves!). 
Three plants are used for each treatment (biological replicates). 
Three leaves from each plant (technical replicates) will be infi l-
trated on both sides of the midvein. 17 plants will be used in 
this hypothetical experiment (three biological replicates for 
each treatment plus two controls).
   Plant #: 1, 2, 3: miRNA overexpressor + perfect site (Positive 

control)  
  Plant #: 4, 5, 6: miRNA overexpressor + spacer site (Negative 

control)  
  Plant #: 7, 8, 9: miRNA overexpressor + target site 1  
  Plant #: 10, 11, 12: miRNA overexpressor + target site 2  
  Plant #: 13, 14, 15: miRNA overexpressor + target site 3  
  Plant #: 16: No-vector control only (Helps to verify the 

miRNA overexpressor)  
  Plant #: 17: miRNA overexpressor + no-vector control (Mock, 

control for background signal)      
   15.    Choose leaves that are healthy, and have no visible damage. 

Avoid wrinkled, unexpanded leaves, which are usually quite 
resistant to infi ltration. Also avoid leaves that are too large, 
which are not only resistant, but also consume a lot of IM dur-
ing infi ltration.   

   16.    Have liquid nitrogen ready. Samples are collected exactly 48 h 
after infi ltration (starts at around 2:30 pm). A portable one- 
hole puncher will be used (punch size 0.25 in.).   

   17.    It is critical that samples remain frozen at all times to prevent 
degradation. Chill samples frequently in liquid nitrogen to avoid 
thawing. Place chilled tubes with samples in a  microcentrifuge 
rack to provide enough support during grinding.   

   18.    Dual-luciferase protein assay is carried out on a GloMax 96 
microplate luminometer equipped with robotic dual-injector 
using Luciferase Assay System (Promega, catalog# E4550). 
Alternative instruments may also suffi ce.   

   19.    If using a plate reader, it is highly recommended to load mul-
tiple aliquots of two of your samples (e.g., #1 and #4) on the 
plate in multiple evenly spaced positions, so that readings of the 
same sample at different time points can be used to monitor 
any nonspecifi c degradation, especially when large numbers of 
samples are being tested (>30). Fold degradation (if any) will 
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be calculated using those two samples and averaged for 
normalization purposes. Also, we usually split the tests into 
three separate runs, one run per biological replicate, with each 
run being normalized independently.   

   20.    Here is an example using the Luciferase Assay System (Promega): 
 Prepare Passive Lysis Buffer (PLB, 500 µL/sample):
   PLB 5× buffer: (17 × 3) × 500 µL ÷ 5 = 5,100 µL (17 samples from 

 see   Note 14  tested in triplicates, each sample consumes 
500 µL buffer, which is prepared from a 5× concentrate)  

  H 2 O: 5,100 µL × 4 = 20,400 µL  
  Prepare Luciferase Assay Reagent II (LAR II, 100 µL/sample, 

plus 1,000 µL for priming the robotic injector):  

  LARII: (17 + 2 + 2) × 3 × 100 µL + 1,000 µL = 7,300 µL (17 sam-
ples from  see   Note 14  tested in triplicates, sample #1 and #4 
each is tested for two more times to monitor degradation).  

  Prepare Stop & Glo Reagent (S&G, 100 µL/sample, plus 
1,000 µL for priming the robotic injector):  

  S&G buffer: 7,300 µL  
  S&G 50× reagent: 7,300 µL ÷ 50 = 146 µL      

   21.    It is helpful to have a divider from a fi berboard storage box 
placed in the liquid nitrogen so that samples can be placed in 
the order that they will be tested. Keep samples in enough but 
minimum amount of liquid nitrogen bath. Too much liquid 
nitrogen will make tubes hard to open, and samples will 
become diffi cult to resuspend in lysis buffer.   

   22.    An experienced person can process up to six tubes in one run 
without causing degradation.   

   23.    It is a good idea to print out a template table to guide the load-
ing (Table  1 ). Samples being used for monitoring  nonspecifi c 
degradation (#1 and #4 in this case, the numbers correspond to 
those from  see   Notes 14  and  19 ) should remain on ice in-
between each loading. The 96-well plate should be kept at room 
temperature prior to loading onto the machine. Plate reading 
usually takes about 30 min. If the 96-well plate was kept on ice, 
the temperature will gradually rise during plate reading, and 
causes increased enzymatic activity, which is diffi cult to monitor 
and normalize. This protocol was developed based on Glomax 
96 microplate luminometer equipped with dual robotic injec-
tors (Promega E6521), where luciferase substrates are added 
automatically by the machine after the 96-well plate is loaded. If 
robotic injectors are not available, please refer to the equipment 
manual for the timing of adding luciferase substrates.   
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   24.    Add a no-RT control for each RNA sample during reverse 
transcription to determine if genomic contamination is pres-
ent. Random oligos work fi ne for the dual-luciferase sensor, so 
gene-specifi c primers are not necessary during reverse 
transcription.   

   25.    A 25-µL reaction system is used. Each cDNA sample is run in 
triplicate as technical replicates. Use the following oligos and 
PCR program for amplifying dual-luciferase reporters:
   Fluc F: 5′-GTTTTGGAGCACGGAAAGAC-3′  
  Fluc R: 5′-CAAGAGTAAAAGATAGTAAAACCGG-3′  
  Rluc F: 5′-TGTTGGACGACGAACTTCAC-3′  
  Rluc R: 5′-CATTTTTGTCGGCCATGATT-3′  
  PCR program: 

 Holding Stage: 
  95 °C  15 min 

 Cycling Stage: (45×) 
  95 °C  15 s 
  52 °C  30 s 
  72 °C  30 s (data collecting stage) 

 Melting Curve Stage: 
  95 °C  15 s 
  60 °C  1 min 
  95 °C  15 s 

     (collect data on ramp, temperature increment 0.3 °C)      
   26.    Sometimes an amplifi cation curve shows up for no RT samples. 

However, the cycle number at which exponential  amplifi cation 
occurs should be signifi cantly larger than corresponding plus 
RT samples (differs by more than 10 cycles (2 10  fold)). When 
examining melting curves, the amplicon also appears to be 
different, which indicates nonspecifi c amplifi cation. This is 
acceptable.   

   27.    The optimal position of threshold line should be set in the 
exponential phase of amplifi cation curve. Threshold line 
setting too high or too low will increase the deviation among 
replicates.   

   28.    We use third party software “LinRegPCR” to calculate amplifi -
cation effi ciency (  http://www.hartfaalcentrum.nl/index.php?
m a i n = f i l e s & f i l e N a m e = L i n R e g P C R .
zip&description=LinRegPCR:%20analysis%20of%20quantita-
tive%20PCR%20data&sub=LinRegPCR    ). Other methods can 
also be used. Traditionally, a dilution series of cDNA samples 
are used for calculating amplifi cation effi ciencies. Plot the Ct 
values ( y ) against the log 10  dilution values ( x ). Calculate the 
best- fi t linear regression equation for the plot.  E  = 10 (−1/slope) , 
where slope is derived from the linear regression equation.         
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