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ABSTRACT: Due to autotrophic growing capacity and extremely rich secondary 17 

metabolism, plants should be preferred targets of synthetic biology. However, 18 

developments in plants usually run below those in other taxonomic groups. In this work 19 

we engineered genetic circuits able of logic YES, OR and AND Boolean computation in 20 

plant tissues with a visual output signal. The circuits, which are deployed by means of 21 

Agrobacterium tumefaciens, perform with the conditional activity of the MYB 22 

transcription factor Rosea1 from Antirrhinum majus inducing the accumulation of 23 

anthocyanins, plant endogenous pigments that are directly visible to the naked eye or 24 

accurately quantifiable by spectrophotometric analysis. The translational fusion of 25 

Rosea1 to several viral proteins, such as potyvirus NIb or fragments thereof, rendered 26 

the transcription factor inactive. However, anthocyanin accumulation could be restored 27 

by inserting protease cleavage sites between both moieties of the fusion and by co-28 

expressing specific proteases, such as potyvirus nuclear inclusion a protease. 29 

 30 

KEYWORDS: Anthocyanins; Biological computing; Genetic circuits, Potyvirus protease, 31 

Synthetic biology 32 
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Plants should be the preferred targets for synthetic biology as they allow the cheap, easy and 34 

safe production of many natural compounds of much interest,1 due to properties such as 35 

autotrophic growing capacity and extremely rich secondary metabolism.2 They can also foster 36 

the development of novel biosensors3 and sustainable interfaces of communication, by 37 

exploiting their ability to reshape their physiology and to express heterologous genes.4 38 

However, synthetic biology approaches in plants usually run below those in other taxonomic 39 

groups, where remarkable examples of logic programs of gene expression exist.5,6 40 

 The field of synthetic biology has vastly grown in recent years.7 Advances have been 41 

essentially made on two fronts: foundational and applied synthetic biology. On the one hand, 42 

the foundations about the engineering of novel synthetic systems (or the re-engineering of 43 

natural ones) have advanced thanks to novel regulatory mechanisms, such as those based on 44 

non-coding RNAs8-10 or membrane receptor proteins,11,12 fully synthetic functional circuits 45 

designed according to rational premises, such as bistables13,14 or oscillators,15,16 and novel 46 

physicochemical models capable of mapping sequence with function.17-19 On the other hand, 47 

and in parallel to these achievements, some natural systems have been re-engineered to set up 48 

new functions in cells to solve applied problems, such as, with plants, the β-carotene 49 

production in rice through metabolic rerouting20 or the detection of explosives with a 50 

synthetic signal transduction pathway.3 To enhance the designability and sophistication of 51 

these solutions, more work on the basic mechanisms and circuitries of gene expression control 52 

is required. However, we are still quite far from reaching this point in plants,21 as most of the 53 

aforementioned foundational achievements have been accomplished in bacteria, along with 54 

some notable achievements made in yeast and mammalian cells.5 55 

 The present work aimed to create a regulatory system in plants with the following 56 

premises. First, the system would be based on a mechanism of post-translational genetic 57 

control, as some previous developments in plants have focused on synthetic transcription 58 

regulation,22 able to reliably work in different contexts and in a modular fashion. Second, the 59 

regulatory mechanism would be specified at the nucleotide level. Third, the output signal 60 

would be monitored visually by exploiting the rich secondary metabolism of plants for tissue 61 

pigmentation. Then fourth, the genetic system would be encapsulated in agrobacteria to allow 62 

the rapid deployment of the engineered circuitry in the plant and avoiding the tedious process 63 

of plant stable genetic transformation. 64 

We exploited plant viruses (potyviruses in particular) as a source of genetic material, 65 

as pioneers in synthetic biology did with bacteriophages.16
 Genus Potyvirus comprises the 66 

largest group of plus-strand RNA viruses that infect plants.23 One of their most distinctive 67 
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properties is their gene expression strategy, which is based on a regulated cascade of 68 

proteolytic processing by three virus-encoded proteases to render individual viral proteins 69 

from a large polyprotein.23,24 P1 protease and helper-component protease (HC-Pro), the two 70 

most amino-terminal products of the viral polyprotein, self-cleave from the precursor, while 71 

the rest of proteolytic processing depends on the activity of nuclear inclusion a (NIa) protein, 72 

a protease that exquisitely recognizes a seven-amino-acid motif (-6/+1) that surrounds the 73 

different cleavage sites.25 The exact amino-acid composition of the various cleavage sites in 74 

the viral polyprotein determines the cleavage efficiency, which is the basis of the regulated 75 

processing cascade.26 NIa is, in turn, a polyprotein that undergoes self-cleavage at an internal 76 

cleavage site that inefficiently splits two domains, VPg and NIaPro, the latter of which is the 77 

protease domain itself. Both are multifunctional proteins involved in interactions with a large 78 

number of host proteins during infection.27 The exact specificity toward the substrate and 79 

efficient catalytic activity under broad conditions have converted NIaPro, particularly that 80 

from Tobacco etch virus (TEV, genus Potyvirus), into the workhorse of many 81 

biotechnological applications.28 Here we took advantage of the exquisite specificity of 82 

different potyviral NIaPros to implement genetic circuits capable of performing basic logic 83 

computations in plants. For the output signal, we considered anthocyanins, plant-endogenous 84 

pigments that are readily visible to the naked human eye.29,30 In turn, such pigmentation can 85 

be accurately quantified in a spectrophotometer by measuring absorbance after simple 86 

extraction from plant tissues. 87 

 88 

RESULTS AND DISCUSSION 89 

 90 

The master regulator of the anthocyanin pathway is inactive when it is 91 

translationally fused to selected proteins or protein fragments. We have previously shown 92 

that potyvirus replication and movement through the plant, and those of other viruses that 93 

belong to different taxonomic groups, can be visually tracked through the virus-mediated 94 

expression of MYB R2R3-type transcription factor Rosea1 from snapdragon (Antirrhinum 95 

majus L.).31-35 When expressed in plant cells, Rosea1 activates the production of companion 96 

regulatory proteins to form a ternary complex that induces the transcription of anthocyanin 97 

biosynthetic genes.29,36 Thus, we wondered whether the anthocyanin accumulation induced by 98 

Rosea1 activity would also be possible if this transcription factor was translationally fused to 99 

a viral protein. This design would be simpler, and consequently more applicable, to different 100 
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plant virus families than a design based on the expression of a free protein as viral genomes 101 

are highly constrained.37 102 

 To answer this question, we constructed three TEV recombinant clones in which A. 103 

majus Rosea1 complementary DNA (cDNA) was fused at the 5’ end of P1, HC-Pro, and 104 

nuclear inclusion b (NIb, the viral RNA-dependent RNA polymerase) cistrons (TEV-Ros1P1, 105 

TEV-Ros1HCPro and TEV-Ros1NIb, respectively, Figure 1A). Figure S1 in Supplementary 106 

Information (SI) schematizes these constructs. See the precise nucleotide sequences in SI 107 

Figure S2. A few amino acids at the amino termini of HC-Pro and NIb were duplicated to 108 

ensure efficient proteolytic processing. Tobacco (Nicotiana tabacum L.) plants were 109 

inoculated with the three recombinant TEV clones using Agrobacteriun tumefaciens GV3101 110 

to induce systemic virus infection. A TEV-Ros1 clone, in which Rosea1 cDNA was inserted 111 

between cistrons NIb and CP, flanked by artificial NIaPro cleavage sites to release the 112 

transcription factor as a free element during polyprotein processing, was used as the positive 113 

control (SI Figures S1 and S2).31 At 5 days post-inoculation (dpi), all the plants inoculated 114 

with TEV-Ros1 started to show infection symptoms. Symptomatic tissues soon (7 dpi) 115 

became pigmented in a reddish color, as previously observed.31 With the viral clones in which 116 

Rosea1 was translationally fused, infection symptoms also appeared in all the plants 117 

inoculated with TEV-Ros1NIb and TEV-Ros1P1, but with some delay (about 10 and 18 dpi, 118 

respectively). However, the symptomatic tissues of these plants never appeared to be 119 

pigmented (Figure 1B). The plants inoculated with TEV-Ros1HCPro did not show any 120 

symptoms after one month of observation. The reverse transcription (RT)-polymerase chain 121 

reaction (PCR) amplification of the TEV CP cistron from the RNA preparations from 122 

inoculated plants confirmed infection with TEV-Ros1, TEV-Ros1P1 and TEV-Ros1NIb, and 123 

also showed asymptomatic infection for TEV-Ros1HCPro (Figure 1C). Tissue samples for 124 

this analysis were taken at a late time post-inoculation (30 dpi) to avoid overlooking slow, 125 

low titer infections. These results indicate that Rosea1 is a transcription factor that becomes 126 

tightly inactive when translationally fused to some viral proteins, which opens up novel 127 

mechanisms for engineering genetic circuits in plants if Rosea1 is able to be released in a 128 

controlled manner. 129 

NIaPro can control the activity of Rosea1 at the post-translational level. The 130 

observation that Rosea1 becomes inactive when fused to some viral proteins led us to 131 

envision a synthetic system in which NIaPro expression would control the activity of Rosea1 132 

at the post-translational level, provided that an appropriate cleavage site is inserted between 133 

this transcription factor and the inhibiting moiety. To build such a synthetic system, we 134 
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started exploring the Rosea1-NIb fusion because TEV-Ros1NIb was the recombinant virus 135 

with the shortest delay in infection. In addition, to avoid any potential interference with TEV 136 

NIaPro due to unintended binding −TEV NIa and NIb interact each other −38, we used a NIb 137 

homolog from a phylogenetically distant potyvirus;39 i.e. Watermelon mosaic virus (WMV) 138 

(Figure 2A). We designed a construct to express a Rosea1-NIb fusion in which the two 139 

moieties were separated by a TEV NIaPro cleavage site (Ros1-tev-NIb). We chose the -8/+3 140 

codons surrounding the NIb/CP processing site in TEV due to a previous observation of 141 

highly efficient cleavage by TEV NIaPro in plants.40 The co-expression of the fusion protein 142 

and TEV NIaPro in plant tissues were mediated by the Cauliflower mosaic virus (CaMV) 35S 143 

promoter and terminator, and modified 5’ and 3’ untranslated regions from Cowpea mosaic 144 

virus (CPMV) RNA-241 (nucleotide sequences in SI Figures S3 and S4). These expression 145 

cassettes were inserted between the transfer DNA borders of a binary plasmid for the A. 146 

tumefaciens-mediated expression in Nicotiana benthamiana Domin. tissues (SI Figure S5). 147 

We chose this plant species because of facility in transient expression assays. When the 148 

Rosea1-tev-NIb fusion was co-expressed with TEV NIaPro in N. benthamiana leaves, the 149 

infiltrated tissue started to turn red at 3 dpi and maintained pigmentation for 2 weeks until the 150 

tissue senesced, unlike when the reporter fusion was expressed alone. A picture of a 151 

representative leaf at 5 dpi is shown in Figure 2B. From the infiltrated tissues collected at 6 152 

dpi, we extracted anthocyanins and quantified the red pigments at 535 nm by 153 

spectrophotometric measurements, revealing a statistically significant dynamic range in color 154 

enrichment (Figure 2C). We set 0.2 in absorbance as the threshold to identify OFF/ON states. 155 

These results support the design principle followed herein, and reveal a system that may be 156 

used to acquire information from the plant molecular world with the naked eye if NIaPro is 157 

placed under the control of a suitable promoter. 158 

 Since NIb is a large protein (59.4 kDa), we wondered whether we could delete 159 

fragments of it without this affecting the performance of the regulatory system. We prepared 160 

several versions of the Ros1-tev-NIb construct with successive deletions of the NIb moiety 161 

from the carboxyl terminus (Figure 3A, nucleotide sequences in SI Figure S3). Then we 162 

assayed anthocyanin accumulation in N. benthamiana leaves by co-expressing these 163 

constructs with TEV NIaPro (Figure 3B). The NIb deleted forms that consisted of the 300, 164 

200, and 100 amino-terminal amino acids of the polymerase prevented Rosea1 activity, which 165 

was efficiently restored upon the co-expression of TEV NIaPro. In contrast, the deleted forms 166 

that consisted of the 50 and 25 amino-terminal amino acids of NIb were not sufficient to 167 
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inhibit Rosea1 activity (Figure 3C). In view of these results, we chose the 100 amino-168 

terminal amino acids of WMV NIb (NIb100) to conduct further work. 169 

 Next, we explored the possibility of using proteases from other potyviruses, expanding 170 

this way the available elements for genetic engineering. To this end, we made two parallel 171 

constructs: one to express Tobacco vein mottle virus (TVMV, genus Potyvirus) NIaPro, a 172 

homologous protease that recognizes a different cleavage motif;42 another to express a 173 

modified version of the reporter in which the -8/+3 TEV NIaPro cleavage site was replaced 174 

with the corresponding site associated with TVMV NIaPro (Ros1-tvmv-NIb100; Figure 3D; 175 

nucleotide sequences in SI Figures S3 and S4). Once again, we chose the amino acids 176 

surrounding the NIb/CP cleavage site in this new virus. This system was also significantly 177 

responsive (statistically) to the expression of that NIaPro, although with lower dynamic range 178 

in color enrichment (TEV NIaPro led to absorbance ~1, while TVMV NIaPro to ~0.5). Note 179 

the different scales of the y axis in Figure 3D. We also found that the two proteases did not 180 

show cross-reactivity (with statistical significance) in the co-expression experiments of the 181 

non-cognate pairs (Figure 3D). 182 

Genetic circuits able of basic Boolean computation in plants with a visual output 183 

signal. Finally, we investigated whether this regulatory strategy would be amenable for basic 184 

Boolean computation in plants. We focused on two-input logic gates using TEV and TVMV 185 

NIaPros. On the one hand, we aimed at engineering an OR logic gate. To this end, we 186 

designed a new system in which the cDNA of the transcription factor was separated from the 187 

cDNA of the NIb-derived inhibitory fragment by two contiguous protease-cleaving domains 188 

(Ros1-tvmv-tev-NIb100; Figure 4A, nucleotide sequence in SI Figure S3); one corresponded to 189 

TVMV NIaPro and the other to TEV NIaPro. In this way, each protease could independently 190 

release the transcription factor. When assayed in plants, we found that both proteases indeed 191 

produced tissue pigmentation (Figure 4B). However, we noticed asymmetric color 192 

enrichment, expected by the fact that TEV NIaPro is more efficient than TVMV NIaPro. In 193 

addition, while TEV protease indeed led to a statistically significant dynamic range, the boost 194 

induced by TVMV protease was marginally non-significant, despite the mean absorbance was 195 

above 0.2. In this regard, our system would be benefited by the development of new proteases 196 

with enhanced activity.  197 

On the other hand, we aimed at engineering an AND logic gate. In order to do this, we 198 

flanked the Rosea1 cDNA, both upstream and downstream, by two NIb-derived inhibitory 199 

fragments, each of which was separated by three copies of specific NIaPro cleavage sites 200 

(NIb100-3×tev-Ros1-3×tvmv-NIb100; Figure 5A; SI Figure S3). Three copies of the cleavage 201 
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sites were used to increase the efficiency of Rosea1 release. We had previously assayed a 202 

construct that only had one site per flank (NIb100-tev-Ros1-tvmv-NIb100), obtaining 203 

unsatisfactory results. Accordingly, we expected the transcription factor to be released only in 204 

presence of the two proteases. The co-expression of this new reporter construct with either 205 

TEV or TVMV NIaPros did not produce statistically significant anthocyanin accumulation, 206 

and even the mean absorbance was below the threshold set. However, the co-expression with 207 

both proteases (SI Figure S4) at the same time produced statistically significant color 208 

enrichment (Figure 5B). In this case of cooperation, the dynamic range was limited by the 209 

protease with lower activity (TVMV NIaPro). 210 

Perspectives on synthetic genetic circuits deployed in plant tissues through 211 

agrobacteria. The results herein show that increasingly sophisticated gene expression 212 

programs can be implemented into plants by gathering distinct genetic elements with reliable 213 

properties; in this case, sequence-specific viral proteases (potyviral NIaPros) and a metabolic 214 

regulator (transcription factor Rosea1). Notably, circuits that exploit these proteases have 215 

been recently developed in bacteria.43,44 The successful engineering (rational design, genetic 216 

implementation and accurate characterization) of synthetic circuitries that lead to such 217 

programs promises the engineering of novel organisms with improved or added 218 

functionalities that would be profitable in biotechnological or biomedical applications with 219 

increasing sophistication.45 Our aim in this work was to deploy the synthetic circuits in plant 220 

tissues using the natural gene transfer capabilities of A. tumefaciens.46 In contrast to the time-221 

consuming process of plant transformation, A. tumefaciens can be rapid and efficiently 222 

transformed. In addition, once an engineered A. tumefaciens clone is constructed, the 223 

synthetic elements it bears can be expressed alone or in combination with other elements 224 

expressed by the plant or different A. tumefaciens clones in a week time scale and in a limited 225 

portion of the plant. 226 

This work represents, in our view, a step toward the engineering of logic circuits in 227 

plants,21 where the different logic gates that we created herein will provide the building 228 

blocks to rationally construct larger circuits. As we implemented the Boolean operations 229 

through irreversible post-translational events, transcriptional regulation remains to couple 230 

these logic gates with environmental or cellular signals. The relevance of our development is 231 

in the use of a visual output signal, which opens the door to test synthetic biology prototypes 232 

in the field. Broadly speaking, as our ability to engineer the conditional accumulation of 233 

pigments in plant tissues increases, following the processing of different inputs through 234 

complex genetic circuits, novel information transmission systems between plants and humans 235 
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(or machines) are expected to arise, especially in a global scenario of search for sustainable 236 

elements. This is not otherwise different, at least in concept, from the plant-animal 237 

communication channels already observed in nature.47 We envision the use of ready-to-use 238 

portable genetic systems encapsulated in agrobacteria to be used as smart biodevices that can 239 

make appropriate decisions (e.g., in diagnostics) after certain processing (computation) of the 240 

signals perceived from the plant molecular medium.48 241 

 242 

MATERIALS AND METHODS 243 

 244 

Plasmid construction. Plasmids were constructed by Gibson assembly,49 using the 245 

NEBuilder HiFi DNA Assembly master mix (New England Biolabs). For this purpose, DNA 246 

fragments were amplified by PCR using the Phusion High-Fidelity DNA polymerase (Thermo 247 

Scientific). The sequences of the resulting constructs (SI Figures S2, S3 and S4) were 248 

experimentally confirmed (3130xl Genetic Analyzer, Life Technologies). The plasmids to 249 

express TEV recombinant clones TEV-Ros1, TEV-Ros1P1, TEV-Ros1HCPro and TEV-250 

Ros1NIb (SI Figure S2) were constructed on the basis of pGTEVa.33 The plasmids to express 251 

reporter constructs Ros1-tev-NIb (and the deleted versions with NIb300, NIb200, NIb100, NIb50 252 

and NIb25), Ros1-tvmv-NIb100, Ros1-tvmv-tev-NIb100 and NIb100-3×tev-Ros1-3×tvmv-NIb100 253 

(SI Figure S3), as well as the plasmids to singly express and co-express the TEV and TVMV 254 

NIaPros (SI Figure S4), were constructed on the basis of pG35CPMVZ (SI Figure S5). This 255 

plasmid is a derivative of pCLEAN-G181 (GenBank accession number EU186083) and 256 

pG35Z,34 which contains, between the left and right borders of T-DNA, an expression cassette 257 

that consist of the CaMV 35S promoter, a modified version of the CPMV RNA-2 5’ UTR,50 a 258 

polylinker with two Bsa I sites, CPMV RNA-2 3’ UTR, and the CaMV 35S terminator. 259 

 Plant inoculation for viral infection. A. tumefaciens GV3101:pMP90, which 260 

contained helper plasmid pCLEAN-S48,51 were transformed with the different plasmids that 261 

contained the recombinant TEV clones with Rosea1 cDNA in various positions (Fig. S1). The 262 

transformed A. tumefaciens were grown to an optical density at 600 nm (OD600) of 263 

approximately 1.0 and recovered by centrifugation. Cells were resuspended at an OD600 of 0.5 264 

in 10 mM MES-NaOH, pH 5.6, 10 mM MgCl2 and 150 µM acetosyringone, and induced for 3 265 

h at 28ºC. These cultures were used to agroinoculate the 4.5-week-old tobacco (Nicotiana 266 

tabacum L. cv. Xanthi nc) plants that were cultivated in a growth chamber at 25ºC in a 12-h 267 

day-night photoperiod. 268 
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 Analysis of viral infection by RT-PCR. RNA was purified from the upper non-269 

inoculated leaves of the inoculated tobacco plants using silica gel columns (Zymo Research). 270 

Aliquots of the RNA preparations were subjected to reverse transcription with primer P1 (5’-271 

CTCGCACTACATAGGAGAATTAGAC-3’). The products of this reaction were amplified 272 

by PCR with Thermus thermophilus DNA polymerase (Biotools) using a pair of primers (PII 273 

5’-AGTGGCACTGTGGGTGCTGGTGTTG-3’ and PIII 5’-CTGGCGGACCCCTAATAG-274 

3’), respectively homologous and complementary to the 5’ and 3’ ends of TEV coat protein 275 

cistron. The PCR products were separated by electrophoresis in a 1% agarose gel in TAE 276 

buffer (40 mM Tris, 20 mM sodium acetate, 1 mM EDTA, pH 7.2). The gel was finally 277 

stained in a solution of 1 mg/ml ethidium bromide. 278 

 Plant inoculation for transient expression of synthetic circuits. A. tumefaciens (the 279 

same strain as above) were also transformed with plasmids to express the reporter constructs 280 

(SI Figure S3) and TEV and TVMV NIaPros (SI Figure S4). Cultures were grown, harvested 281 

and induced as explained above with the only difference being that here induction was done at 282 

an OD600 of 1.0. In the different experiments, the A. tumefaciens cultures that expressed the 283 

reporter constructs were mixed with an equal volume of agroinoculation buffer (controls) or 284 

with the cultures that expressed the different NIaPro combinations. These mixtures were used 285 

to infiltrate the underside of leaves from the 4.5-week-old N. benthamiana plants using a 286 

needleless syringe. Plants were cultivated as explained above. 287 

 Analysis of anthocyanins. The infiltrated tissues from the N. benthamiana plants 288 

were harvested at 6 dpi and homogenized in 10 volumes of extraction solution (1% HCl in 289 

methanol) with a Polytron (Kinematica). Each individual tissue sample consisted of two 290 

agroinfiltrated areas from two different leaves of the same plant. Extracts were vigorously 291 

vortexed and incubated on ice for 1 h with sporadic vortexing. Extracts were clarified by 292 

centrifugation for 10 min at 12000 g. The aliquots of the supernatants were diluted to 1:10 in 293 

extraction solution (final tissue:extraction solution ratio of 1:100) and absorbance was 294 

measured at 535 nm (UV-3100PC, VWR). All the experimental values were obtained in 295 

triplicate from the agroinfiltrated tissues from three independent plants. The average (n = 5) 296 

absorbance of control extracts from tissues infiltrated under the same conditions with an 297 

empty A. tumefaciens culture (no expression plasmid) were subtracted from all absorbance 298 

values (to remove the basal contribution from the plant). Background absorbance was 0.148 299 

and 0.149, respectively, for samples corresponding to final OD600 of 0.5 and 1.0. 300 

 301 
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Supporting Information 303 

 304 

The Supporting Information is available free of charge on the ACS Publications website. 305 

Additional figures as described in the text (PDF). 306 

 307 

Figure S1. Schematic representation of TEV genome indicating the positions where the 308 

Rosea1 coding sequence was fused in TEV-Ros1P1, TEV-Ros1HCPro and TEV-Ros1NIb. 309 

 310 

Figure S2. Sequences of recombinant TEV clones. 311 

 312 

Figure S3. Sequences of the synthetic reporter constructs that allow Boolean computation in 313 

plant tissues with visual output. 314 

 315 

Figure S4. Sequences of the constructs to singly express TEV and TVMV NIaPros and to co-316 

express both proteases in plant tissues. 317 

 318 

Figure S5. Sequence of expression vector pG53CPMVZ used to express in plant tissues the 319 

synthetic reporter constructs, as well as the potyviral NIaPros. 320 
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Figures 477 

 478 

Figure. 1. Plant inoculation with TEV recombinant clones in which the Rosea1 transcription 479 

factor was fused to different viral proteins. (A) Schematic representation of the different 480 

Rosea1 fusions. (B) Representative systemic leaves of tobacco plants mock-inoculated or 481 

inoculated with TEV-Ros1P1, TEV-Ros1HCPro, TEV-Ros1NIb and TEV-Ros1, as indicated. 482 

Pictures were taken at 11 dpi. (C) RT-PCR TEV diagnosis of systemic tissue from tobacco 483 

plants inoculated with recombinant TEV clones. PCR products were separated by 484 

electrophoresis in an agarose gel that was stained with ethidium bromide. Lane 0, DNA 485 

marker ladder with the size of some molecules on the left in bp; lane 1, RT-PCR negative 486 

control with no added RNA; lanes 3 to 7, RT-PCR products from systemic tissues of plants 487 

mock-inoculated and inoculated with TEV-Ros1P1, TEV-Ros1HCPro, TEV-Ros1NIb and 488 

TEV-Ros1, respectively. The arrow points out the expected band in infected tissues that 489 

corresponds to TEV coat protein cDNA.  490 
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 491 

Figure 2. NIaPro-based proteolytic activation of Rosea1. (A) Schematic representation of the 492 

proteolytic reaction in which TEV NIaPro cleaves the inactive fusion reporter construct Ros1-493 

tev-NIb releasing the Rosea1 transcription factor that activates pigmented anthocyanin 494 

biosynthesis. (B) Representative picture of an N. benthamiana leaf infiltrated with A. 495 

tumefaciens to express the NIb-tev-Ros1 reporter (left) or the reporter plus TEV NIaPro 496 

(right). Picture was taken at 5 dpi. (C) Graphic representation of the absorbance in N. 497 

benthamiana tissues infiltrated with A. tumefaciens to express the NIb-tev-Ros1 reporter alone 498 

or with TEV NIaPro. Tissues from three independent plants were collected at 6 dpi, 499 

anthocyanins were extracted and the absorbance at 535 nm was measured. Error bars 500 

represent the standard error of the mean. **
P ≤ 0.01 (one-tailed, heteroscedastic t-test). 501 
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Figure 3. Inhibition of Rosea1 activity by WMV NIb fragments. (A) Schematic 502 

representation of the different Ros1-tev-NIb reporter constructs with increasing NIb deletions. 503 

NIb subscript indicates the remaining amino terminal amino acids in the WMV NIb deleted 504 

forms. (B) Representative pictures of N. benthamiana leaves infiltrated with A. tumefaciens to 505 

express different forms of the Ros1-tev-NIb reporter with the full WMV NIb or amino 506 

terminal fragments, as indicated in number of amino acids. On each leaf, the reporter was 507 

infiltrated alone on the left and with TEV NIaPro on the right. Pictures were taken at 5 dpi. 508 

(C) Graphic representation of the absorbance in N. benthamiana tissues infiltrated with A. 509 

tumefaciens to express the different Ros1-tev-NIb reporters, as indicated, either alone (blue 510 
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bars) or with TEV NIaPro (red bars). (D) Graphic representation of the absorbance in N. 511 

benthamiana tissues infiltrated with A. tumefaciens to express the Ros1-tev-NIb or Ros1-512 

tvmv-NIb reporters, as indicated, either alone (blue bars) or with TEV NIaPro or TVMV 513 

NIaPro, as indicated (red bars). (C and D) Tissues from three independent plants were 514 

collected at 6 dpi, anthocyanins were extracted and the absorbance at 535 nm was measured. 515 

Error bars represent the standard error of the mean. (D) *
P ≤ 0.05 (one-tailed, heteroscedastic 516 

t-test); ns: non-significant (P > 0.1).  517 
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 518 

 519 

Figure 4. Synthetic circuit capable of performing Boolean OR computation in plants with 520 

visual output. Schematic representation of the reactions in which the reporter construct Ros1-521 

tvmv-tev-NIb100 responds activating the accumulation of pigmented anthocyanins in the 522 

presence of TEV NIaPro or TVMV NIaPro (OR logic gate) (B) Graphic representation of the 523 

absorbance in N. benthamiana tissues infiltrated with A. tumefaciens to express the reporter 524 

construct Ros1-tvmv-tev-NIb100 alone (blue bars) or with TEV and TVMV NIaPros as 525 

indicated (red bars). Tissues from three independent plants were collected at 6 dpi and 526 

anthocyanins were quantified at 535 nm. Error bars represent the standard error of the mean. 527 

*
P ≤ 0.05 and **

P ≤ 0.01 (one-tailed, heteroscedastic t-test); 0.06: marginally non-significant 528 

(P = 0.06).  529 
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 530 

 531 

Figure 5. Synthetic circuit capable of performing Boolean AND computation in plants with 532 

visual output. (A) Schematic representation of the reactions in which the reporter construct 533 

NIb100-3×tev-Ros1-3×tvmv-NIb100 responds activating the accumulation of pigmented 534 

anthocyanins in the presence of TEV and TVMV NIaPros (AND logic gate). (B) Graphic 535 

representation of the absorbance in N. benthamiana tissues infiltrated with A. tumefaciens to 536 

express the reporter constructs NIb100-3×tev-Ros1-3×tvmv-NIb100 alone or with one NIaPro 537 

(blue bars) or with both TEV and TVMV NIaPros as indicated (red bars). Tissues from three 538 

independent plants were collected at 6 dpi and anthocyanins were quantified at 535 nm. Error 539 

bars represent the standard error of the mean. **
P ≤ 0.01 (one-tailed, heteroscedastic t-test). 540 
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