
 

 1 

Single and double RNA fluorescence in situ hybridization in Arabidopsis 1 

 2 

This protocol is based on methods previously developed by the Meyerowitz group at Caltech 3 

(http://www.its.caltech.edu/~plantlab/protocols/insitu.pdf) and the Weigel lab at the Max 4 

Planck Institute for Developmental Biology (https://weigelworld.org/). 5 

 6 

1. Sample preparation 7 

To prepare samples for RNA fluorescence in situ hybridization (FISH), dissected 8 

plant tissues are fixed in FAA fixation buffer and embedded in wax, similarly to 9 

conventional in situ hybridization (ISH). Arabidopsis shoot apices were used in this 10 

study, but the protocol also applies to root, leaf, stem, etc. It has also been tested in 11 

other plant species such as rice, Brachypodium, Medicago, and tomato. 12 

i) Harvest tissue samples and place in freshly prepared ice-cold FAA (3.7% 13 

formaldehyde, 5% acetic acid, 50% ethanol (EtOH)).  14 

ii) Apply light vacuum (with a sink aspirator) for 10-15 min to remove air bubbles 15 

and allow the tissue to sink into the fixative. The samples will sink to the bottom 16 

of the tubes.  17 

iii) After 10-15 minutes replace the fixative with fresh ice-cold FAA. Keep the 18 

samples under refrigeration (~4º C) overnight. 19 

iv) Dehydrate the tissue with the following series of treatments:  20 

                  50% EtOH/0.85% NaCl, on ice, 4 hours;  21 

                  70% EtOH/0.85% NaCl, on ice, 4 hours;   22 

                  85% EtOH/0.85% NaCl, 4°C, overnight;  23 

                  95% EtOH, 4°C, 4 hours;  24 

                 100% EtOH, 4°C, overnight;  25 

                 100% EtOH, room temperature (RT), 2 hours. 26 

v) Clear and wax-infiltrate by the following treatments [note that xylene should be 27 

used in a fume hood]:  28 

          50% EtOH/50% xylene, RT, 1 hour;  29 

          Xylene, RT, 1 hour;  30 

          Replace with fresh xylene, RT, 1 hour;  31 

          50% xylene/50% embedding wax (Paraplast X-TRA, Sigma, P3808), 60°C, 2 32 

hours;  33 
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          Molten embedding Wax, 60°C, 2 hours;  34 

          Replace with fresh molten wax, 60°C, 2 hours. 35 

vi) Add the samples to an embedding mold (e.g. METAL BASE MOLDS 7 X 7, 36 

Leica 3803080). Position tissues in molten wax with pre-warmed dissecting 37 

forceps. Allow wax to solidify at room temperature. 38 

vii)  Sectioning. Section samples at 4-8 µm using a microtome such as a Leica 39 

RM2255 with a single-sided razor blade (Leica, Surgipath DB80 LS) used as the 40 

knife. After sectioning, place the slices on a slide (Leica Xtra Adhesive Slides) to 41 

which 1 ml ddH2O has been applied, for flattening. After putting the ribbon into 42 

the water, remove excessive ddH2O with a pipette and keep the slides on a heating 43 

block (Leica HI 1220 Flattening Table) overnight at 37-42°C. Sectioned and dried 44 

samples can be kept in a box at 4°C for several months. 45 

2. Probe synthesis 46 

RNA probes are synthesized using the SP6/T7 Transcription Kit (Roche 47 

10999644001).  48 

i) Amplify a cDNA fragment (800-1000bp) with gene-specific primers and clone 49 

into the pGEM®-T Easy vector (Promega A1360).  50 

ii) Use the plasmid as a template for PCR with T7 and SP6 primers. Purify the PCR 51 

products and use as templates for in vitro transcription using the SP6/T7 52 

Transcription Kit (10999644001 Roche) following the manufacturer’s 53 

instructions. According to the orientation of the cDNA insertion, use either T7 or 54 

SP6 RNA polymerase to synthesize antisense RNA probes.  55 

iii) Probe purification and hydrolysis. Add 1 μl 0.5 M EDTA, 2.5 μl 4M LiCl, and 75 56 

μl EtOH to the 20 μl in vitro transcribed probes, incubate at -70°C overnight. 57 

Centrifuge at 4°C, 13500 rpm (Eppendorf Centrifuge 5424 R), for 60 min. Wash 58 

the pellet with 1 ml ice cold 80% EtOH, pipette off the EtOH, and dilute in 100 μl 59 

nuclease-free H2O. Add 100 μl carbonate buffer (80mM NaHCO3, 120mM 60 

Na2CO3), and incubate at 60°C for 60-80 min to hydrolyze the RNA to the 61 

appropriate size for hybridization. Stop the hydrolysis by adding 20 μl 10% acetic 62 

acid. Add 1 μl RNA grade aqueous glycogen (Thermo Scientific, R0551), 1 μl 1M 63 

MgCl2, and 600 μl EtOH, mix and then freeze at -70°C overnight. Centrifuge at 64 

4°C, 13500 rpm (Eppendorf Centrifuge 5424 R), for 60 min. Wash the pellet with 65 

1 ml ice cold 80% EtOH and air dry at RT. 66 

 67 
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Formula for calculating the hydrolysis time: 68 

Time = Li-Lf/(K Li Lf) 69 

Li = initial length of probe (in kb) 70 

Lf = final length of probe (0.15 kb) 71 

                          K= 0.11 kb
-1

min
-1 

72 

 73 

iv) Dissolve the pellet in 60 µl nuclease-free H2O and further dilute in 250 µl 74 

hybridisation buffer. Probes can be stored at -20°C for several years.  75 

Hybridisation buffer (1 ml): 500 μl deionized formamide (Sigma, F9037), 200 μl 76 

50% dextrane sulfate (Sigma, 42867), 100 μl 10 × in situ salts (3M NaCl, 100mM 77 

Tris pH8, 100mM Na-phosphate pH6.8, 50mM EDTA), 20 μl 50 × denhardt’s 78 

(Sigma, D2532), 10 μl tRNA 50mg/ml (Sigma, 10109495001), and 170 μl 79 

nuclease-free H2O. 80 

3. Hybridisation  81 

After removing the wax and rehydrating the sections, hybridize with gene-specific 82 

probes at 55°C overnight, as described below. When using FITC labelled probes, the 83 

slides should be kept in dark chambers during hybridization (we use aluminium foil to 84 

keep light out). 85 

i) Dewaxing 86 

(a) Transfer the slides with samples to a slide rack and treat with 300 ml 87 

Histoclear II (National Diagnostics, HS-202) in a glass slide dish (e.g. DWK Life 88 

Sciences Wheaton™ Glass 20-Slide Staining Dish with Removable Rack, Thermo 89 

Fisher). Treat 2 times, with each treatment 10 min. Remove the old Histoclear 90 

before adding the new. The amount of Histoclear II (same for the buffers in 91 

following steps) should be sufficient for all slides to be immersed.  92 

(b) Further treat the samples with 300 ml EtOH in a slide dish, 2 times, 2 min 93 

each. 94 

ii) Rehydration 95 

     (a) Rehydrate the tissue sections at room temperature (RT) by dipping the samples 96 

in the following buffers (300 ml in a glass slide dish):  97 

95% EtOH, 1 min;  98 

90% EtOH, 1 min;  99 

80% EtOH, 1 min;  100 

60% EtOH/0.75% NaCl, 1 min;  101 
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30% EtOH/0.75% NaCl, 1 min;  102 

0.75% NaCl, 2 min;  103 

PBS (130 mM NaCl, 3 mM NaH2PO4, 7 mM Na2HPO4, pH7.0) for 2 min 104 

(b) Proteinase K. 19.2mg/ml in dilution buffer (100ml 100 mM Tris, 50 mM 105 

EDTA, pH7.5), 37°C, 30 min. Stop the digestion by glycine  (2mg/ml in PBS), 2 106 

min in PBS. 107 

                  (c) Post-fixation: FAA, 5 min. PBS, 2 times, 5 min each. 108 

iii) Dehydration, 300 ml in a slide dish. 109 

0.75% NaCl fresh, 2 min;  110 

30% EtOH/0.75% NaCl, 30 sec;  111 

60% EtOH/0.75% NaCl, 30 sec;  112 

80% EtOH, 30 sec;  113 

90% EtOH, 30 sec;  114 

95% EtOH, 30 sec;  115 

100% EtOH, 1 min;  116 

100% EtOH fresh, 1 min. 117 

iv) Hybridisation  118 

(a) Lay the slides flat. Dilute 10 µl of probe in 200 µl hybridisation buffer, and 119 

apply onto the samples. Cover the solution with a coverslip. To avoid air bubbles, 120 

carefully lay down the coverslip from one edge with forceps.  121 

(b) Keep slides in a humidified box (wet paper towel in a sealed plastic box), and 122 

incubate at 55°C overnight.  123 

4. Antibody binding and signal detection 124 

i) Washing. After hybridisation, wash samples once in 2 × SSC (300 mM NaCl, 30 125 

mM Na-citrate, pH7.0) at 55°C for 10 min, and 0.2 × SSC at 55°C for three times, 126 

15 min each. Wash samples once in 0.2 × SSC at 37°C for 5 min, and one time in 127 

PBS for 5 min at RT. All steps are done in 300 ml buffer with the slides in a slide 128 

rack, and solutions in a glass slide dish. 129 

ii) Blocking. Incubate the slides at RT for 30 minutes with gentle shaking in 300 ml 130 

blocking buffer in a slide dish, which contains 1% Blocking reagent (Roche, 131 

11096176001) in TBST (50mM Tris pH7.5, 0.9% NaCl, 0.3% Triton-X-100).  132 

iii) Antibody binding. Dilute anti-fluorescein-POD (Roche, 11426346910) or anti-133 

digoxigenin-POD (Roche, 11633716001) antibodies 1:200 in blocking buffer. 134 
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Incubate each slide with 200 µl diluted antibody for 2 hours at RT in a humidified 135 

box. 136 

iv) Washing. Wash the slides in TBST for 5 min × 3 in 300 ml TBST at RT with 137 

gentle shaking in a glass slide dish.   138 

v) TSA reaction. The hybridization signals are detected using TSA Plus Fluorescein 139 

Fluorescence System (Perkin Elmer, NEL741001KT) or TSA Plus Cy5 140 

Fluorescence System (Perkin Elmer, NEL745001KT). TSA Plus Fluorescein/Cy5 141 

Stock Solution is diluted 1:50 in Amplification Diluent, and 100 µl TSA Plus 142 

Working Solution is applied to each slide. The reaction is done at RT in a 143 

humidified box for 10 min. Wash slides for 5 min × 3 in 300 ml TBST in a glass 144 

slide dish at RT.  145 

vi) Counterstaining. DAPI stain by adding 100 µl 1µg/ml DAPI and covering the 146 

sections with a cover slip shortly before observing the in situ hybridization 147 

signals. For cell wall labeling, slices are stained with 100 µl 0.1% Calcofluor 148 

White (Fluorescent Brightener 28, Sigma) for 5 min.  149 

vii)  Imaging. Images are taken with a Zeiss LSM700 confocal microscope equipped 150 

with a 20 × 0.8NA dry objective and a single 405/488/555/639 dichroic beam 151 

splitter. Laser excitation was 405-nm excitation and 425–475 nm emission for 152 

Calcofluor White. For DAPI, laser excitation was 405 nm with a short pass SP 153 

555 filter, and the wavelength range for detection was 400-555 nm. Laser 154 

excitation for Fluorescein was 488 nm and detected with a bandpass filter BP 420-155 

475 + BP 500-610. The Cy5 emission uses a long pass LP 640 filter, and the 156 

wavelength range for detection was 640-700 nm 157 

5. Double RNA FISH: 158 

Double RNA FISH is used to check the mRNA expression of two genes in the same 159 

tissue.  160 

i) Hybridize processed sections with a mixture of two gene-specific probes, one 161 

labelled with digoxigenin and the other with fluorescein. The amount of probes is 162 

the same as for single in situ hybridisation. Hybridisation should be done in a dark 163 

humidified box at 55°C overnight.  164 

ii) 1
ST

 TSA reaction. After hybridisation, incubate the slices with anti-fluorescein-165 

POD, detected with TSA Plus Fluorescein Fluorescence System using the same 166 

method as shown in Part 4. The amount of antibody used should be the same as 167 

used for single RNA FISH. 168 
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iii) Quenching peroxidase activity. After the first TSA reaction, wash the slices in 300 169 

ml TBST in a glass slide dish 3 times, 5 min each. The peroxidase activity from 170 

the anti-fluorescein-POD antibody is then quenched in 300 ml 0.3%-3% H2O2 171 

(Sigma, H1009) in a slide dish for 1 hour at RT with gentle shaking. The 172 

concentration of H2O2 depends on the signal from the first antibody. Usually 0.3% 173 

H2O2 can quench signal from cell cycle genes such as CYCB1;1. After H2O2 174 

treatment, wash the slices in 300 ml TBST in a glass slide dish 4 times, 5 min for 175 

each wash, to remove excess H2O2. 176 

iv) 2
ND

 TSA reaction. Further incubate the samples with anti-digoxigenin-POD 177 

antibody for 2 hours at RT in a dark humidified box. Transfer the slides to a slide 178 

holder and wash for 5 min × 3 in 300 ml TBST in a slide dish at RT.  179 

Hybridisation signals of the second gene’s mRNAs are detected by TSA Plus Cy5 180 

Fluorescence System (same as Part 4). Calcofluor White or DAPI staining is done 181 

after the 2
ND

 TSA reaction using the same method as shown in Part 4. 182 

6. RNA FISH and Protein Immunofluorescence 183 

i) RNA FISH. The procedures are the same as described above.  184 

ii) Blocking. After TSA reaction, wash the sections for 5 min × 3 in PBST (PBS plus 185 

0.3% Triton X-100), and then block in PBS-Blocking buffer for 30 min at room 186 

temperature. The amount of buffers is dependent on the number of slides but 187 

should be enough to completely immerse the samples. 188 

iii) Incubate the sections with first and secondary antibodies. In this study, we used 189 

Alexa Fluor® 488-conjugated GFP antibody (A-21311, Molecular Probes). Dilute 190 

the antibody 1:100 in PBS-Blocking buffer, then apply 200 µl antibody solution to 191 

each slide. Keep the slides in the dark overnight at 4°C in a humidified box. For 192 

other antibodies, the dilution ratio and incubation time may vary, depending on 193 

the expression level of proteins and the binding affinity of the antibodies.  194 

iv) Wash the slides in PBST 3 times, 5 min each. We observe GFP signals using a 195 

Zeiss LSM700 confocal microscope, with laser excitation at 488 nm for Alexa 196 

Fluor® 488. 197 

 198 

See below for workflow diagram of each part. 199 

 200 

 201 
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Workflow 1. Sample Preparation 204 
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Workflow 2. Pre-Hybridisation Treatment 224 
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Workflow 3. Single RNA FISH 228 
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 Workflow 4. Double RNA FISH 258 
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