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SUMMARY:  36 
Here, we describe the generation and application of a set of transgenic Arabidopsis thaliana 37 
lines enabling inducible, tissue-specific expression in the three main meristems, the shoot 38 
apical meristem, the root apical meristem, and the cambium.   39 
 40 
ABSTRACT:  41 
Inducible, tissue-specific expression is an important and powerful tool to study the spatio-42 
temporal dynamics of genetic perturbation. Combining the flexible and efficient GreenGate 43 
cloning system with the proven and benchmarked LhGR system (here termed GR-LhG4) for 44 
the inducible expression, we have generated a set of transgenic Arabidopsis lines that can 45 
drive the expression of an effector cassette in a range of specific cell types in the three main 46 
plant meristems. To this end, we chose the previously developed GR-LhG4 system based on 47 
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a chimeric transcription factor and a cognate pOp-type promoter ensuring tight control over 48 
a wide range of expression levels. In addition, to visualize the expression domain where the 49 
synthetic transcription factor is active, an ER-localized mTurquoise2 fluorescent reporter 50 
under control of the pOp4 or pOp6 promoter is encoded in driver lines. Here, we describe the 51 
steps necessary to generate a driver or effector line and demonstrate how cell type specific 52 
expression can be induced and followed in the shoot apical meristem, the root apical 53 
meristem and the cambium of Arabidopsis. By using several or all driver lines, the context 54 
specific effect of expressing one or multiple factors (effectors) under control of the synthetic 55 
pOp promoter can be assessed rapidly, for example in F1 plants of a cross between one 56 
effector and multiple driver lines. This approach is exemplified by the ectopic expression of 57 
VND7, a NAC transcription factor capable of inducing ectopic secondary cell wall deposition 58 
in a cell autonomous manner. 59 
 60 
INTRODUCTION:  61 
A major limitation in biology in the postgenomic era is to decipher the context specific role of 62 
a given factor or genetic perturbation. Constitutive genetic perturbations such as loss-of-63 
function and gain-of-function approaches often only allow end-point analysis of life-long 64 
adaptation processes, obfuscating the distinction between primary and secondary effects. In 65 
addition, context specific functions can be masked or diluted by large scale effects in distant 66 
tissues or during other phases of development. Moreover, in extreme cases, lethality can 67 
preclude any mechanistic insight. Ideally, to circumvent these issues, one could analyze the 68 
effect of acute genetic perturbation within a specific context such as a specific cell type in a 69 
time-resolved manner. To achieve this, genetic tools for inducible, cell type-specific 70 
expression are required1. To provide a resource for the rapid assessment of the 71 
spatiotemporal dynamics of a response to a given effector, we have combined the ease of 72 
cloning provided by the GreenGate system2 with the proven efficacy of the GR-LhG4 system 73 
3-6. We have generated a set of lines expressing the chimeric transcription factor LhG4 fused 74 
to the ligand binding domain of the rat corticoid receptor (GR)7 under the control of well-75 
characterized cell type specific promoters8. In resting conditions, the transcription factor 76 
remains outside of the nucleus, as the GR domain is bound by the cytosolic HSP90. With the 77 
addition of synthetic ligand dexamethasone (Dex), nuclear translocation is induced and LhG4 78 
will mediate transcription of expression cassettes under control of a cognate synthetic pOp-79 
type promoter, such as an mTurquoise2 reporter included in the driver lines to visualize the 80 
expression domain after induction.  Thus, the driver lines technically also contain an effector 81 
cassette. The crossing of a set of driver lines with a line carrying an effector cassette with, for 82 
example, a gene of interest under control of the same pOp-type promoter thus allows the 83 
rapid assessment of the acute or long-term consequences of effector expression in a wide 84 
range of cell types. 85 
 86 
Here, we provide a protocol describing the procedures necessary to generate the driver and 87 
effector lines and demonstrate how cell type specific expression can be induced and followed 88 
in the shoot apical meristem, the root apical meristem and the cambium of Arabidopsis. To 89 
illustrate the prowess and specificity of this approach, we utilize the well-known transcription 90 
factor VND7 which is capable of driving xylem-like secondary cell wall thickenings ectopically9. 91 
Treating F1 from a cross between the pSCR10,11 driver line and the pOp6:VND7 effector line 92 
leads to the formation of ectopic xylem-like cells in the starch sheath cells of the Arabidopsis 93 
stem.  94 



   

 95 
To facilitate the generation of large DNA assemblies required for constructing driver and 96 
effector expression plasmids, we used the fast and efficient GreenGate cloning method2. 97 
GreenGate cloning is based on type II S restriction enzymes such as Eco31I or its isoschizomer 98 
BsaI2. These enzymes cut downstream of their asymmetric recognition sites producing 99 
overhangs with varying base composition. By incorporating Eco31I/BsaI restriction sites in 100 
oligonucleotides and allocating specific overhang sequences to DNA elements, modular 101 
cloning is achieved, facilitating the generation of large assemblies. In the GreenGate 102 
framework, DNA modules fall into categories A-F based on overhang sequence that serve as 103 
adapters and are assembled in that order. Therefore, the primers designed to amplify your 104 
desired product should be in accordance with the selected module2 (Figure 1A). If there is an 105 
internal Eco31I/BsaI site and the sequence is not compatible with the GreenGate entry and 106 
destination modules, you can proceed without mutagenizing, but with lower efficiency. 107 
Alternatively, use site-directed mutagenesis to remove Eco31I/BsaI restriction sites taking 108 
care not to change amino acids in gene products.  109 
 110 
PROTOCOL:  111 
Vectors and modules can be obtained from the non-profit repository, Addgene 112 
(https://www.addgene.org). 113 
 114 
1. Cloning using GreenGate 115 
 116 
1.1. Design primers using the overhangs listed in Table 1, replacing ‘NNNN’ with module type-117 
specific adapter sequences listed below: Forward: 5´AACA GGTCTC A NNNN (n) CA* + specific 118 
sequence 3´, Reverse: 5´AACA GGTCTC A NNNN (n) + reverse complement of specific 119 
sequence 3´. Add the underlined bases to ensure maintenance of the reading frame. 120 
Module overhangs: 121 
 122 
NOTE: In the default GreenGate framework, six modules, A-F, are assembled with a plant 123 
transformation vector backbone into one expression plasmid (Figure 1C). Typically, the A 124 
module will harbor promoter sequences, a B-module an N-terminal tag or “dummy” 125 
sequence6, a C-module a CDS, a D-module a C-terminal tag or dummy, an E-module a 126 
terminator, and an F-module a resistance cassette for selection of transgenic plants. Adapter 127 
for coupling with other preassembled units are available for use instead of the F module2. 128 
  129 
1.2. PCR amplification 130 
 131 
1.2.1. Amplify the sequence of interest with the designed primers by polymerase chain 132 
reaction (PCR) according to standard protocols.  133 
 134 
1.2.2. Separate the PCR product on an agarose gel. Excise and column purify the correct 135 
fragment using a commercial kit (see Table of Materials) as per the manufacturer’s 136 
instructions. 137 
 138 
1.3. Entry module creation 139 
 140 
1.3.1. Separately digest the module vector and the PCR fragment (step 1.2.) (Figure 1 A, B) 141 



   

with Eco31I/BsaI using 100-500 ng of DNA (Vector or Fragment), 3 µL 10x digestion buffer, 142 
and 5-10 U Eco31I in a tube and bring the volume to 30 µL with ddH2O. 143 
 144 
1.3.2. Mix gently by pipetting up and down and spin down briefly at 1000 x g. Incubate at 37 145 
°C on a heat block for 15 min (or following the time recommendation of the purchased 146 
restriction enzyme). 147 
 148 
1.3.3. After the digestion, column purify each sample using a commercial kit (see Table of 149 
Materials) and quantify the obtained DNA by determining the optical density at 260 nm 150 
(OD260) using a spectrophotometer.  151 
 152 
1.3.5. Mix the 30 – 100 ng digested insert and the 10 – 50 ng digested vector by pipetting up 153 
and down several times and incubate with 1 µL T4 Ligase (5 U/µL, and 3 µL 10 x T4 ligation 154 
buffer in a total volume of 30 µL at room temperature for 1 h (following the recommendation 155 
of the T4 ligase supplier) (see Table of Materials). 156 
 157 
NOTE: Calculate the desired molar ratio entry module:destination vector (e.g., 3:1) for the 158 
ligation depending on the concentration and length of the entry module inserts. 159 
 160 
1.3.6. To increase the efficiency of transformation, heat inactivate the T4 ligase by Incubating 161 
the reaction at 65 °C for 20 min. 162 
 163 
1.3.7. Use the ligation product to transform competent E. coli cells according to the standard 164 
lab protocols and spread the bacteria on agar plates supplemented with ampicillin (100 165 
µg/mL) 166 
 167 
1.3.8. Incubate the plate with bacteria at 37 °C for overnight. 168 
 169 
1.3.9. Screen for colonies with the desired entry module by colony PCR using the primers 86A1 170 
(5′-GTTGTGTGGAATTGTGAGC-3′) and 86A2 (5′-GTTTTCCCAGTCACGACG-3′) and standard PCR 171 
conditions.  172 
 173 
NOTE: This primer combination is valid for all entry modules as the primers bind to the entry 174 
vector backbone. 175 
 176 
1.3.10. Select single colonies for the plasmid isolation. Use 2 mL LB liquid culture 177 
supplemented with ampicillin (100 µg/mL) and incubate overnight in a 37 °C shaker. 178 
 179 
1.3.11. Isolate plasmids from the overnight liquid culture with a Mini-Prep Kit or the desired 180 
extraction protocol (see Table of Materials). 181 
 182 
1.3.12. To identify plasmids with the correct insert, perform restriction enzyme analysis, for 183 
example by selecting two enzymes that cut uniquely in your insert by mixing 200 ng of 184 
plasmid, 2 µL 10 x digestion buffer, 5-10 U of selected restriction enzymes and ddH2O to 20 185 
µL.  186 
 187 
1.3.13. Sequence the selected plasmids using the primers 86A1 and 86A2 (see step 1.3.9.). 188 



   

 189 
1.4. Destination module creation:  190 
 191 
NOTE: For the destination plasmid use the desired destination module pGGZ001, pGGZ002 or 192 
pGGZ0032 (Figure 1C).  193 
 194 
1.4.1. In a tube add and mix 50 – 150 ng empty destination vector (pGGZ003, for example), 195 
50-300 ng of each filled entry module, 2 µL 10 x digestion buffer buffer, 1.5 µL 10 mM ATP, 1 196 
µL T4 Ligase (30 U/µL), 5-10 U µL Eco31I and dH2O to a total volume of 20 µl. 197 
 198 
NOTE: Calculate the desired molar ratio entry module:destination vector (e.g. 3:1) for the 199 
ligation depending on the concentration and length of the entry module inserts. 200 
 201 
1.4.2. Mix and perform the GreenGate reaction2 using a PCR thermocycler alternating 30 202 
times between 37 °C for 5 min and 16 °C for 2 min, followed by single steps of 5 min at 50 °C 203 
and 5 min at 80 °C.  204 
 205 
1.4.3. To increase the efficiency, add 1 µL T4 Ligase (30 U/µL) and 1.5 µL 10 mM ATP to the 206 
reaction and incubate for 1 h at room temperature, followed by heat-inactivation of T4 DNA 207 
Ligase at 65 °C for 20 min. 208 
 209 
1.4.4. Use the ligation reaction to transform competent E. coli and spread the bacteria on agar 210 
plates supplemented with the appropriate selective agent spectinomycin (50 µg/mL). 211 
 212 
1.4.5. Incubate the transformed E. coli on the plate at 37 °C for overnight. 213 
 214 
1.4.6. To confirm transformation, re-streak each of the selected single colonies on 215 
spectinomycin (50 µg/mL) and ampicillin (100 µg/mL) containing plates, respectively. Use only 216 
colonies that grow on spectinomycin but not on ampicillin plates. 217 
 218 
1.4.7. Incubate the E. coli colonies overnight at 37 °C. 219 
 220 
1.4.8. Select single colonies for plasmid isolation. Use 2 mL LB liquid culture supplemented 221 
with spectinomycin (50 µg/mL) and incubate overnight at a 37 °C shaker. 222 
 223 
1.4.98. Isolate the corresponding plasmids with a Mini-Prep Kit (see Table of Materials). 224 
 225 
1.4.10. Check by restriction enzyme analysis (see 1.3.12.) and sequence selected positive 226 
constructs using primers 88C3 (5′-ACCTCTCGGGCTTCTGG-3′), 88C4 (5′-CCTTTTTACGGTTCCTG-227 
3′). If the insert cannot be fully sequenced with these primers, design internal primers for 228 
sequencing. 229 
 230 
NOTE:  To identify clones with the correct number of pOp repeat sequences (see Discussion), 231 
the primers pOp6 (pOp6_F, 5′-TGCATATGTCGAGCTCAAGAA-3′; and pOp6_R, 5′-232 
CTTATATAGAGGAAGGGTCTT-3′) that bind in the short flanking sequences can be used for PCR 233 
amplification and subsequent gel electrophoresis to discriminate by size.  234 
 235 



   

1.5. Intermediate supermodule creation 236 
 237 
1.5.1. To combine two independent sets of entry modules, as required for generating the GR-238 
LhG4 driver lines with integrated reporter-effector cassette, first build two intermediate 239 
plasmids, called supermodules2, before assembling the final expression plasmid in pGGZ001 240 
or pGGZ003.  241 
 242 
1.5.2. Be sure to add F-H adaptor at the end of the first supermodule and H-A adaptor at the 243 
beginning of the second supermodule (those serve as connections between two constructs) 244 
as described2.  245 
 246 
NOTE: Only the pGGN000 intermediate module carries the resistance cassette. To generate 247 
the expression plasmid, perform the GreenGate reaction with the destination vector and the 248 
pGGN000 and pGGM000 intermediate supermodules. Alternatively, mix destination vector, 249 
pGGN000 intermediate supermodule, and the remaining single modules to perform the 250 
GreenGate reaction2. The latter method is less efficient than the former but can be faster. 251 
 252 
1.5.3. To create a pGGM000/pGGN000 supermodule, mix 1.5 µL (100-300 ng/µL) of each of 253 
the entry modules with 1 µL (30 ng/µL) empty intermediate vector (pGGM000 or pGGN000), 254 
2 µL 10 x digestion buffer, 1.5 µL 10 mM ATP, 1 µL T4 Ligase (30 U/µL), and 5-10 U Eco31I in 255 
a total volume of 20 µL. 256 
 257 
NOTE: Calculate the desired molar ratio entry module:destination vector (e.g., 3:1) for the 258 
ligation depending on the concentration and length of the entry module inserts 259 
 260 
1.5.4. Mix and perform the GreenGate reaction as in step 1.4.2 261 
 262 
1.5.5. To increase efficiency, add 1 µL T4 Ligase and 1.5 µL ATP (10 mM), and incubate for 1 h 263 
at room temperature, followed by heat-inactivation at 65 °C for 20 min. 264 
 265 
1.5.6. Use 10 µL of the ligation reaction to transform competent E. coli and streak on plates 266 
containing kanamycin (50 µg/mL). 267 
 268 
1.5.7. Perform overnight incubation of the transformed E. coli on the plate at 37 °C. 269 
 270 
1.5.8. Re-streak each of the selected single colonies on kanamycin (50 µg/mL) and ampicillin 271 
(100 µg/mL) containing plates, respectively.  272 
 273 
1.5.9. Perform overnight incubation of the E. coli colonies on the plate at 37 °C. 274 
 275 
1.5.10. Select single colonies that grow only on kanamycin but not on ampicillin for plasmid 276 
isolation. Use 2 mL LB liquid culture supplemented with kanamycin (50 µg/mL) and incubate 277 
overnight in a 37 °C shaker. 278 
 279 
1.5.11. Isolate the corresponding plasmids using a mini-prep kit (see Table of Materials). 280 
 281 
1.5.12. Check the plasmids by restriction enzyme analysis (see 1.3.12.)and confirm by 282 



   

sequencing using primers 87E2 (5´-AGGCATCAAACTAAGCAGAAG-3´) and 87E3 (5´-283 
CGTTTCCCGTTGAATATGGC-3´) annealing to the pGGM000/pGGN000 backbone. If the insert 284 
cannot be fully sequenced with these primers, design internal primers for sequencing. 285 
 286 
NOTE: If cloning into the pGGM000 or pGGN000 vectors is unsuccessful, one possible solution 287 
is to digest the pGGM000 or pGGN000 with Eco31I, run on a gel and purify from the gel the 288 
pGGM000 or pGGN000 backbone (approximately 2000 bp) fragment without the ccdB 289 
cassette (approximately 1400 bp). Then proceed normally with the ligation reaction. 290 
 291 
1.6. Transform an A. tumefaciens pSOUP+ strain (e.g. ASE), as the pSa origin of replication (ori 292 
A. tum.) in the destination vectors require the presence of the helper plasmid pSOUP12. Streak 293 
out bacteria on LB plates containing chloramphenicol (34 µg/mL), kanamycin (50 µg/mL), 294 
spectinomycin (50 µg/mL) and tetracycline (12.5 µg/mL). Incubate the transformed A. 295 
tumefaciens on the plate in a 28 °C incubator for two to three days.   296 
 297 
2. Generation of Arabidopsis transgenic plants 298 
 299 
2.1. Transformation of Arabidopsis thaliana. 300 
 301 
NOTE: Transform A. thaliana plants according to Zhang et al., 200613. 302 
 303 
2.2. Selection of transgenic lines. 304 
 305 
2.2.1. To select the transformed plants, use the selection scheme used at GABI-Kat14 for 306 
resistance to sulfadiazine15.  307 
 308 
2.2.2. To select stable lines with a possible single integration event, choose those in 309 
generation T2, that show the 3:1 segregation ratio in the resistance marker. Propagate these 310 
lines to T3 generation and select the plants homozygous for the resistance gene. Alternatively, 311 
perform a Southern Blot analysis or a standard quantitative real-time PCR (SA-qPCR)16 to 312 
select single insertion lines. 313 
 314 
3. Induction of trans-activation in Arabidopsis driver lines 315 
 316 
3.1. Root 317 
 318 
3.1.1. To test reporter expression in A. thaliana driver lines generated through steps 1 and 2, 319 
sterilize seeds as described below.   320 
 321 
3.1.1.1. Add 0.5-1.0 mL of 70 % Ethanol + 0.01 % non-ionic detergent to approximately 100 322 
seeds (20 mg) in a 1.5 ml reaction tube and invert the tube a few times. Spin down at 1000 x 323 
g for 15 s and aspirate the supernatant. 324 
 325 
3.1.1.2. Add 0.5-1.0 mL of absolute ethanol. Invert the tube several times, spin down for 326 
1000 x g for 15 s and discard the supernatant. 327 
 328 



   

3.1.1.3. Add 0.5-1.0 mL of absolute ethanol and invert the tube t a few times, then spin 329 
down at 1000 x g for 15 s and discard the supernatant. 330 
 331 
3.1.1.4. Allow seeds to dry inside the hood. If seeds are going to be stratified in tubes 332 
continue with step 3.1.1.6. 333 
 334 
3.1.1.5. Add 0.5-1.0 mL of sterile water and invert the tube a few times. Spin down at 1000 x 335 
g for 15 s and discard the supernatant. 336 
 337 
3.1.1.6. Add 0.5-1.0 mL of sterile water and invert the tube several times. Spin down at 1000 338 
x g for 15 s and discard the supernatant. 339 
 340 
3.1.1.7. Add 0.5-1.0 mL of sterile water.  341 
 342 
3.1.2. Prepare half-strength Murashige and Skoog medium, pH 5.8 and add 0.9% plant agar 343 
and 1% sucrose. After autoclaving add Dexamethasone (Dex), dissolved in DMSO, to a final 344 
concentration of 10 - 30 µM to induction plates and an equal amount of DMSO to control 345 
plates, respectively.  346 
 347 
3.1.3. Put seeds for root imaging on plates and stratify them for 48 h in darkness and cold (4 348 
°C). 349 
 350 
3.1.4. Put plates in a vertical position in a plant incubator (long day (16/8 h), 22 °C, humidity, 351 
65 %) and grow them for five days. 352 
 353 
3.1.5. Five days after germination (dag), image the seedlings using confocal laser scanning 354 
microscopy. 355 
 356 
3.2. Stem 357 
 358 
3.2.1. Sterilize seeds as described in 2.1.1. and put seeds on ½ MS, 0.9% plant agar and 1 % 359 
sucrose plates. Stratify for 48 h in darkness and cold (4 °C). 360 
 361 
3.2.2. Six to seven days after germination, transfer the seedlings to soil, each plant in a single 362 
pot (long day (16/8 h), 22 °C, humidity, 65%).  363 
 364 
3.2.3. Induce trans-activation in stems by watering with Dex or mock solution, or by dipping 365 
the plants in Dex or mock solutions, respectively.  366 
 367 
3.2.4. For watering, use a 25 µM Dex solution in water prepared from a stock of 25 mM Dex 368 
dissolved in ethanol. Water every 2-3 days until the desired time of induction.  369 
 370 
3.2.5. For dipping, prepare a 1 L beaker, 750 mL of water containing 0.02% silwet L-77 with 371 
25 µM of Dex or equivalent amount of DMSO for the Dex and mock treatment, respectively. 372 
Dip single plants for 30 s in the induction or in the mock solution. Repeat every 2-3 days until 373 
the desired time of imaging.  374 
 375 



   

NOTE: Following the dipping, the plants should be maintained in high humidity for one hour. 376 
 377 
3.3. Shoot Apical Meristem (SAM) 378 
 379 
3.3.1. Sterilize seeds as described in 2.1.1. Prepare plates with ½ MS, 0.9 % plant agar and 1 380 
% sucrose medium and put seeds on plates. Store the plates for two days in darkness and cold 381 
for stratification. 382 
 383 
3.3.2. Put plates in a vertical position in a plant incubator. Six to seven days after germination, 384 
transfer the seedlings to the soil, each plant in a single pot (long day (16/8 h), 22 °C, humidity, 385 
65 %).  386 
 387 
3.3.3. When the stem is around 1 cm long (25-30 dag), spray the inflorescence SAM with 10-388 
50 µM Dex in H20 wearing a face mask. For induction and imaging at later stages of 389 
development, induce SAMs of longer stems or side shoots.  390 
 391 
NOTE: SAMs can also be induced by paintbrushing the Dex solution to prevent spray droplets. 392 
Do use a mask when Dex is applied by spraying.  393 
 394 
3.3.4. 24-48 h after induction, dissect the SAMs and proceed to imaging (see 4.3).  395 
 396 
NOTE: Only un-induced plants were used for propagation to reduce the probability of gene 397 
silencing. Plants in T2/T3 were used for imaging.  398 
 399 
4. Imaging of reporter expression in Arabidopsis driver lines. 400 
 401 
4.1. Root 402 
 403 
4.1.1. Transfer seedlings from plate to a 10 µg/mL propidium iodide (PI) solution and counter-404 
stain them for 5 min. 405 
 406 
4.1.2. Place the roots into a microscope imaging chamber (1-well tissue culture chamber on 407 
cover glass II, see Table of Materials) and image them using a confocal laser scanning 408 
microscope with a 63x water immersion objective (see Table of Materials).  409 
 410 
4.1.3 To visualize PI fluorescence, use an excitation wavelength of 488 nm and collect 411 
emission between 590 and 660 nm. For mTurquoise2 fluorescence use 458 nm excitation and 412 
collect emission between 460 and 615 nm.  413 
 414 
4.2. Stem 415 
 416 
4.2.1. Perform horizontal hand cut sections of plant stems with a razor blade, excising a 417 
segment of approximately 3 cm. Fix the stem with the finger on the opposite side of the 418 
desired section to cut. Perform several fine cuts sequentially but note that only sections from 419 
a similar position in the stem should be compared. 420 
 421 
4.2.2. After each cut, immerse the razorblade in a petri dish containing tap water and collect 422 



   

the stem sections. Stain sections at this point or directly mount on microscope slides. 423 
 424 
4.2.3. For staining, prepare a 1 mL of 250 µg/mL of PI solution of water in a small petri dish 425 
(see Table of Materials). Immerse the sections for 5 min and rinse them in water. Transfer 426 
them to microscope slides with fine forceps or a fine paint brush. Take care to not squeeze 427 
the samples with the coverslip. 428 
 429 
4.2.4. Image samples using a confocal laser scanning microscope with a 25x dipping water 430 
immersion lens (see Table of Materials). Use 561 nm laser light to excite PI fluorescence and 431 
collect from 570 to 620 nm. Use 405 nm to excite the mTurquoise2 fluorophore effector 432 
encoded by the driver line constructs and collect emission from 425 to 475 nm.  433 
 434 
4.3. Shoot Apical Meristem 435 
 436 
4.3.1 Cut the stem 2 cm below the shoot tip with forceps. Hold the stem in one hand and use 437 
fine forceps to remove the flower buds and large primordia. To remove young primordia, fix 438 
the SAM in an upright position into a petri dish containing 3 % agarose. Use a binocular and 439 
forceps to remove young primordia close to the SAM. Alternatively, use an injection cannula 440 
(see Table of Materials) to cut off these primordia.  441 
 442 
4.3.2 Stain the dissected SAM in a 250 µg/mL PI solution for 5-10 min. Perform staining either 443 
directly by pipetting a few drops of staining solution on top of the prepared SAM or transfer 444 
the sample to a tube filled with staining solution. Keep the SAM fully submerged during the 445 
staining procedure. 446 
 447 
4.3.3. Place the stained SAM into a small petri dish (see Table of Materials) with 3 % agarose 448 
medium and cover the SAM with ddH2O.  449 
 450 
4.3.4. Image dissected SAMs using a confocal laser scanning microscope equipped with a 25 451 
x dipping water immersion lens (see Table of Materials).  452 
 453 
4.3.5. Use 561 nm laser light to excite PI fluorescence and collect from 570 to 620 nm. Use 454 
405 nm to excite the mTurquoise2 fluorophore and collect emission from 425 to 475 nm.  455 
Record image stacks spanning 50 µm in z-direction with a step size of 0.5 µm.  456 
 457 
NOTE: SAM imaging as described here requires an upright confocal laser scanning microscope 458 
and a lens (here, a water dipping lens) with long working distance. 459 
 460 
REPRESENTATIVE RESULTS:  461 
 462 
Generation of driver and effector lines through GreenGate cloning 463 
The GreenGate cloning system is based on GoldenGate cloning and use the type IIS restriction 464 
endonuclease BsaI or its isoschizomer Eco31I. As the enzyme produces overhangs distant 465 
from its asymmetric recognition site, the base composition of the overhangs can be freely 466 
chosen, which is the basis form the modularity of the system. Each PCR-generated element, 467 
for example, a promoter sequence, CDS, or terminator, is first inserted into a designated entry 468 
vector with matching overhangs produced by restriction digest to generate a module. After 469 



   

subcloning, a number of matching modules, usually six, are used for the GreenGate ligation 470 
reaction resulting in the assembly of the construct in a binary plant destination vector.   471 
 472 
For driver lines, modules containing the DNA sequences of tissue-specific promoter (pTS), the 473 
GR-LHG4 transcription factor, the pOp6 promoter, and the mTurquoise2 reporter fused to an 474 
N-terminal signal peptide and a C-terminal ER retention signal were fused including 475 
terminators and various adapter modules and a module for transgenic selection as described 476 
previously 2,8 (Figure 2). Effector lines were constructed with pOp6 promoter, and an effector 477 
cassette, for example consisting of a gene of interest and terminator as well as a module 478 
encoding a resistance gene for transgenic plant selection (Figure 2). 479 
 480 
Induction of driver lines and visualization of reporter fluorescence 481 
Induction with Dex leads to cell type specific mTurquoise2 expression in the root endodermis 482 
(pSCR>>SP-mTurquoise2-HDEL, Figure 3A), phloem precursors and cambium (pSMXL5>>SP-483 
mTurquoise2-HDEL 17, Figure 3B), and the stem cells in the shoot apical meristem 484 
(pCLV3>>SP-mTurquoise2-HDEL 18, Figure 3C). 485 
 486 
Trans-activation of VND7 in starch sheath cells of the cambium 487 
As a test case for trans-activation, we generated an effector line encoding the secondary cell 488 
wall master transcription factor VND7 fused to the VP16 activation domain, which has been 489 
shown to induce secondary cell wall formation cell autonomously when misexpressed 8,9,19,20. 490 
 491 
After 5 days of a single treatment with either 15 µM of Dex or DMSO for the induced or the 492 
mock plants respectively, stem sections were prepared for the visualization of ectopic 493 
lignification in the starch sheath. Propidium Iodide shows in the stem strong affinity to 494 
lignified tissue. The starch sheath cells in induced samples by Dex, but not in the mock showed 495 
a strong signal for the PI channel and some cells show the typical reticulate thickening of the 496 
cell wall in xylem cells (Figure 4). 497 
 498 
FIGURE AND TABLE LEGENDS:  499 
Figure 1. The GreenGate cloning principle. A) Type IIS restriction endonucleases, like 500 
BsaI/Eco31I, recognize non-palindromic sequences (red) and cut asymmetrically in a defined 501 
distance independently of the sequence (blue). Eco31I recognizes ‘GGTCTC’, cuts from the 502 
second nucleotide downstream of the recognition site and creates a four base 5’ overhang. 503 
B) The GreenGate cloning system is based on a modular system with six different entry vectors 504 
pGGA000-pGGF000. These vectors contain an Ampicillin resistance cassette (AmpR) and a 505 
ccdB cassette flanked by the specific adaptors for each entry vector (e.g pGGA000 entry 506 
vector) and the ‘GGTCTC’ Eco31I recognition sites. Eco31I digestion of pGGA000 releases ccdB 507 
and creates the pGGA000-specific four nucleotide overhangs (dark blue). Insert1 is amplified 508 
by primers harboring ‘GGTCTC’ and pGGA000 specific adaptors and after digestion ligated 509 
into pGGA000. The same procedure is followed with the other modules. C) The final 510 
GreenGate reaction combines the Eco31I digestion of the destination vector pGGZ001 and 511 
the six entry vectors pGGA000-pGGF000 and the simultaneous ligation of all modules into the 512 
destination vector.  513 
 514 
Figure 2. Overview of the Dex-inducible LhGR/pOp system with driver and effector lines. In 515 
driver lines, tissue-specific promoters (pTS) control the expression of the synthetic 516 



   

transcription factor LhG4, which is translationally fused to the ligand binding domain of rat 517 
glucocorticoid receptor (GR) and thereby prevents, in the absence of Dex, the nuclear 518 
translocation. The effector line harbors a transcriptional cassette driven by a pOp element 519 
and a TATA box with a minimal 35S promoter. Crossed with a driver line and upon Dex 520 
induction, GR-LhG4 binds to the pOp-type elements in the reporter cassette and to those in 521 
the effector module, inducing the transcription of mTurquoise2 and the effector.  522 
 523 
Figure 3. Induced driver lines in root, stem, and SAM. A) Dex-induced driver line pSCR>>SP-524 
mTurquoise2-HDEL (germinated in 50 µM Dex) in the root and mock treatment. The 525 
SCARECROW promoter (pSCR) mediates expression in the endodermis, cortex/endodermis 526 
initial (CEI) and quiescent center (QC). Cells are counter-stained with propidium iodide (PI). 527 
Scale bars = 20 µm. B) Dex-induced driver line pSMXL5>>SP-mTurquoise2-HDEL (dipped in a 528 
50 µM Dex solution and visualized after 3 days) in in the stem and mock treatment. SMXL5 529 
promoter (pSMXL5) mediates expression in the cambium stem cell domain and phloem 530 
precursors. Cells are counter-stained with propidium iodide (PI). Scale bars = 100 µm. C) Dex-531 
induced driver line pCLV3>>SP-mTurquoise2-HDEL (10 µM, 48 h) in the SAM. The CLAVATA3 532 
promoter (pCLV3) mediates expression in the stem cell domain. Pictures in the bottom show 533 
XZ and YZ cross sections, Dex-induced and mock treated, respectively. Cells are counter-534 
stained with propidium iodide (PI). Scale bars = 20 µm. 535 
 536 
Figure 4. Ectopic lignification in the starch sheath of the stem. A) Ectopic lignification is seen 537 
five days after Dex induction of the driver line pSCR>>VND7-VP16 in the stem. The 538 
SCARECROW promoter (pSCR) mediates expression in the starch sheath cells in the stem. Left 539 
image shows merge of PI channel and bright field, right image only shows PI channel. B) The 540 
mock control shows no signal in the starch sheath cells. Cells are counter-stained with 541 
propidium iodide (PI). Scale bars = 100 µm. PI fluorescence is false-colored in green while 542 
chloroplast auto fluorescence is red in all images. White arrowheads point to starch sheath 543 
cells. Left image shows merge of PI channel and bright field, right image only shows PI 544 
channel.   545 
 546 
Table 1: Overhangs used for primer design  547 
 548 
DISCUSSION:  549 
Here, we describe the steps necessary to generate and apply a versatile and comprehensive 550 
toolkit for inducible, cell type specific trans-activation. Crossing lines carrying effector 551 
cassettes under control of the pOp promoter with driver lines allows studying the mis-552 
expression effects in the F1 generation, enabling the rapid assessment of genetic perturbation 553 
in a wide range of cell types. Alternatively, effector constructs can be used to transform driver 554 
lines or, by adapting the cloning strategy, driver and effector construct can also be combined 555 
on one T-DNA. Applications for this system range from spatially and temporally controlled 556 
mis-expression studies to domain-specific knock-down or gene editing and cell-type specific 557 
complementation.  558 
 559 
None of the procedures described here should pose a challenge to labs equipped for general 560 
molecular biology techniques. The LhG4 expression system has been thoroughly tested and 561 
ensures non-leaky and tuneable expression that can be driven to high levels8, although we 562 
caution that the dynamic range of inducer concentration should be empirically determined 563 



   

for each driver and effector line combination Combining this proven system with modular 564 
GreenGate cloning offers a rapid and straightforward way to inducible expression in any cell 565 
type for which a specific promoter is available. We noticed that recombination events can 566 
occur during amplification of the plasmids that contain the repetitive sequences of the pOp-567 
type promoter. These often result in having fewer repeats of the OP sequence, which can be 568 
assessed by PCR. Final constructs should always be confirmed by sequencing in Escherichia 569 
coli and Agrobacterium tumefaciens. However, the occasional recombination events were 570 
only detected in E. coli. 571 
 572 
Limiting the application of this technique is thus the time to generate transgenic plants.  It is 573 
of critical importance to test for gene silencing, starting in the T2 generation, and to only 574 
maintain stable lines. To minimize the chance of silencing, we advise collecting seeds only 575 
form non-induced plants.  576 
 577 
The technique described here is complimentary to other trans-activation systems21,22, as it 578 
provides a comprehensive resource and combines tissue specificity with inducible expression. 579 
A possible future development of this method is the incorporation of more cell type-specific 580 
promoters to drive GR-LhG4, for example in tissues outside of the main meristems. Regarding 581 
effectors, an exciting possible expansion is the adaption of highly efficient gene editing tools 582 
to allow for cell type-specific knock outs23.  583 
 584 
The driver lines described in Schürholz et al. 20188 are available from NASC 585 
(http://arabidopsis.info/), DNA constructs described in Lampropoulos et al., 20132 and 586 
Schürholz et al., 20188 are available from Addgene (https://www.addgene.org/). 587 
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Module 5'overhangtypically used for 3' overhang

A ACCT promoter AACA

B AACA N-terminal tag GGCT

C GGCT Coding sequence TCAG

D TCAG C-terminal tag CTGC

E CTGC terminator ACTA

F ACTA resistance cassetteGTAT
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reagent/product company article number

Ampicillin Carl Roth GmbH + Co. KG K029.1

ATP Sigma-Aldrich A9187

Chloramphenicol Sigma-Aldrich C1919

Column purification Qiagen
QIAquick PCR Purification Kit 

(250)

Culture chamber for imaging Sarstedt AG & Co. KG
1-well tissue culture chamber, on 

cover glass II

Dexamethasone Sigma-Aldrich D4903

DMSO Fisher Scientific, UK D139-1

Eco 31I Thermo Fisher Scientific FD0294

injection cannula

(0.30 x 12 mm, 30 G x 

1/2

Kanamycin Carl Roth GmbH + Co. KG T832.2

Leica TCS SP5 CLSM, HCX PL 

APO lambda blue 63x water 

immersion objectiv

Leica, Wetzlar, Germany

MS medium Duchefa, Haarlem, Netherlands M0221.0050

Nikon A1 CLSM, Apo LWD 25x  

1.1 NA water immersion 

objective

Nikon, Minato, Tokyo, Japan

Petri dish 35/10 mm
Greiner Bio-One GmbH, 

Germany
627102

Petri dish 60/150 mm
Greiner Bio-One GmbH, 

Germany
628102

Petri dish 120/120/17
Greiner Bio-One GmbH, 

Germany
688102

Plant agar Duchefa, Haarlem, Netherlands P1001

Plasmid extraction Qiagen QIAprep Spin Miniprep Kit

Propidium iodide (PI) Sigma-Aldrich P4170

Razorblade Classic, Wilkinson Sword GmbH 7005115E

Reaction tubes Sarstedt AG & Co. KG 72.690.001

Silwet L-77
Kurt Obermeier GmbH & Co. 

KG, Bad Berleburg, Germany

Spectinomycin AppliChem GmbH 3834.001

Spectrophotometer Thermo Fisher Scientific NanoDrop 2000c

Sucrose Carl Roth GmbH + Co. KG 4621.1

Sulfadiazine Sigma-Aldrich S6387

Tetracycline AppliChem GmbH 2228.0025

T4 Ligase 5 U/µl Thermo Fisher Scientific EL0011

T4 Ligase 30 U/µl Thermo Fisher Scientific EL0013

Sterican, Braun
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