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the pegRNA with other elements such as the 5’ FLOWERING LOCUS T (FT)  cell-to-cell mobile signal16 and/or a 3’ 137 

structured RNA motif to resist degradation17 by making use of four or five oligos. The cloning yield dropped with five 138 

oligos, but the cloning efficiency was 60-100% for all four designs (Figure 2B), making this a viable approach to 139 

building DNA fragments at least ~270 bp long.  140 

141 
Figure 2 De novo synthetic sequences and restriction enzyme mutagenesis. (A) Three to five oligos are mixed with digested 142 
backbone and assembly mix to generate one single pegRNA per reaction. The orientation of the oligos alternates between sense 143 

and antisense as previously described14. (B) Alignments of the expected and observed sequences for five randomly picked clones 144 
for each of the four assemblies. Dots are used to indicate identical bases, deviating bases are shown in red. (C) Restriction enzyme 145 
recognition sequence removal and saturation mutagenesis. The red position indicates the region targeted for mutagenesis. The 146 
sequence is linearized at this position either by restriction digest or by inverse PCR and then mixed with an oligo for site-directed 147 
mutagenesis or with a pool of degenerate oligos for site saturation mutagenesis. (D) Representative examples of clones 148 
domesticated for BsaI and BbsI. Each position shown corresponds to the stitching oligos used in the assembly. Mutations that 149 
deviate from the desired sequence are highlighted in red. (E) Left: Representative Petri dish after transformation in chemically 150 
competent E. coli cells with amilCP_Orange mutagenesis assembly. Right: Colonies selected by color and genotyped as shown in 151 
Supplementary Table 8. Each row contains five independent clones of the same color from the transformation plate. The right 152 
column shows the representative colors from pelleted cells. (F) Cumulative percentage of bases for each position at the 153 
mutagenized region ±3 bases. 154 

 155 
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Restriction enzyme removal and saturation mutagenesis 156 

When swapping DNA parts between assembly standards, it is often also necessary to remove internal restriction 157 

enzyme sites in a process called domestication. Therefore we tested oligo stitching to domesticate vectors by 158 

removing either XbaI or EcoRI, two Type II enzymes used in BioBrick assembly18, again relying on the proofreading 159 

activity of the DNA polymerase. The vectors were digested with their respective enzymes and assembled with DNA 160 

oligos encoding silent mutations. As opposed to the previous N/C terminal fusion results with BsaI digestion, our five 161 

randomly selected clones were all recombinant plasmids, suggesting that the efficiency of the restriction enzyme 162 

may play a role in preventing the carryover of donor plasmid. Cloning efficiencies ranged between 60 and 100%, 163 

again with errors only being present in the region specified by the oligo. We then attempted Type IIS recognition site 164 

removal (BsaI, BbsI and AarI) by digesting the plasmids with their respective enzymes and assembling with oligos 165 

encoding silent mutations and the Golden Gate flanking sequences (Figure 2D). Success was variable, with cloning 166 

efficiencies between 0 and 60% (Supplementary Table 7). By altering either the backbone or the position of the silent 167 

mutation in the mutagenic oligo, we could domesticate all parts with a minimum cloning efficiency of 20%, indicating 168 

that domestication of Type IIS sites is feasible, but more clones might be needed (Supplementary Table 7).  169 

Motivated by these results, we also tested if plasmid saturation mutagenesis is a feasible application. To enable a 170 

visual readout of mutagenesis, we made use of an amilCP_Orange chromoprotein encoding vector as mutagenesis 171 

of just six nucleotides (two amino acids) can alter the orange color of the chromoprotein19. Conveniently, the 172 

restriction enzyme PflMI cuts close to the position to be mutagenized, requiring a 7-nt 3’-end chew-back to remove 173 

the codons encoding these two amino acids (Supplementary Figure 3A). After gel extraction of the digested vector, 174 

we combined a mutagenic oligo containing the degenerate “NNNNNN” identities flanked by 20-bp of sequence 175 

matching the amilCP_Orange CDS on both sides (Supplementary Figure 3A). We recovered approximately 10,000 176 

colonies with seven distinct colors we could discern by eye. The majority of the corresponding amino acid sequences 177 

were not reported in the mutagenesis screen of the original publication (Supplementary Table 8). Upon restreaking, 178 

there was a high occurrence of the loss of chromoprotein expression (Supplementary Figure 2E), in line with previous 179 

observations19. We performed amplicon sequencing of a pool of approximately 80,000 colonies to better 180 

characterize the mutagenesis screen. The original vector sequence was present in less than 3.4% of the reads and 181 
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all other reads showed variable nucleotides at the position specified by the mutagenic oligo. The nucleotide 182 

identities at these positions were slightly biased against cytosine (Supplementary Figure 3F). Bias in oligonucleotide 183 

synthesis is a well-known phenomenon20, but biological selection may also have contributed to this observation. 184 

Deletions were observed in only 0.72% of the reads in the region specified by the mutagenic oligo. For all other reads 185 

the correct nucleotide at each position was detected in at least 99.7% of the reads. At the DNA level, 99.5% of all 186 

possible 4,096 hexanucleotide variants were present in the pool. Interestingly, variants encoding stop codons were 187 

enriched for, which is in line with the observation that chromoprotein expression is selected against and reduces the 188 

growth rate19. At the protein level, all 400 possible amino acid combinations are represented, and expectedly, 189 

variants encoding at least one stop codon are also enriched (Supplementary Figure 3B,C).  190 

In conclusion, we show that oligo stitching is a powerful, efficient and flexible tool to easily convert between cloning 191 

design standards and adapt or build DNA parts for Golden Gate assembly. One limitation of our approach is the 192 

reliance on restriction enzyme recognition sites to linearize the DNA acceptors and donors. However, the 193 

combination of CRISPR/Cas cloning reagents and oligo stitching could open up an effectively unlimited design space 194 

within plasmids. Ultimately, we anticipate that oligo stitching could be used to convert entire part collections en 195 

masse allowing for more widespread sharing and reuse of parts regardless of the assembly standard. 196 

Methods 197 

Plasmids 198 

The MoClo Toolkit (Addgene Kit #1000000044), MoClo Plant Parts Kit (Addgene Kit #1000000047), GreenGate 199 

Cloning System (Addgene Kit #1000000036) and amilCP_Orange chromoprotein vector (Addgene Plasmid 200 

#117850) were acquired from Addgene. The plasmids pEN-R2-GST-L3 and pEN-R2-3xHA-L3 were previously 201 

published22. The novel plasmids pGGC000-GmR, pGGC000-SpecR and pGGC000-TetR created here are 202 

available for distribution via https://gatewayvectors.vib.be/ .  203 

Plasmid preparation  204 

All plasmids were extracted using the GeneJET Plasmid MiniPrep Kit (Thermo Fisher) according to the manufacturer’s 205 

instructions. For the assembly standard conversion experiments, all MoClo and GreenGate vectors were individually 206 
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digested with 0.5 μL BsaI-HF®v2 (NEB) with CutSmart buffer (NEB) in a reaction volume of 10 μL for 4 hours at 37°C, 207 

followed by an inactivation step at 80°C for 20 min. Digested vectors were stored at -20°C.  208 

For the removal of restriction enzyme recognition sites of XbaI and EcoRI, the vectors were digested with 0.5 μL of 209 

the respective Promega enzyme, 2 μL BSA (1 mg/mL) and 2 μL buffer H (Promega) in reaction volume of 20 μL. The 210 

other conditions were the same as described above.  211 

For saturation mutagenesis experiments, 1 μg of amilCP_Orange chromoprotein was digested with 1 μL PflMI (NEB) 212 

with r3.1 buffer (NEB) in a reaction volume of 50 μL for 4 hours at 37°C, followed by an inactivation step at 80°C for 213 

20 min. The reaction was run on an 0.8% agarose gel stained with SybrSafe and the band corresponding to the 214 

linearized vector was excised under blue safety light. Gel extraction was done using the Zymoclean Gel DNA Recovery 215 

Kit (Zymo Research) according to the manufacturer’s instructions.  216 

PCR amplicon preparation  217 

For experiment 32, GFP was amplified using primers GFP_StitAmp_F and GFP_StitAmp_R with Q5 polymerase from 218 

pGG-D-GFP-E (pGGD001) using the following PCR conditions: 98°C/5 min + 30 x (98°C/10 sec + 60°C/30 sec + 72°C/30 219 

sec) + 72°C/5 min + 23°C/∞. The fragment of the correct size was purified using the Zymoclean Gel DNA Recovery 220 

Kit. For experiments 13-17 and 18-22, pEN-R2-GST-L3 and pEN-R2-3xHA-L3 was used as the template with primers 221 

3xHA_FW/REV and GST_FW/REV, respectively. The same PCR conditions were used as for GFP amplification. No PCR 222 

cleanup was done for these two samples.  223 

NEBuilder assembly 224 

Each assembly reaction was run in a reaction volume of 10 μL, with half of the volume composed of NEBuilder master 225 

mix (NEB) according to a previously reported protocol with modifications11. 0.04 pmol was used for each of the 226 

insert(s) and the backbone. Oligos were designed to have homology with 20 bp at each side of the junction. Extra 227 

sequences such as overhangs, stop codons or linkers were included when necessary. Oligos were resuspended to 228 

100 µM and diluted to 0.3 pmol/µl (see Supplementary protocol). The reaction was incubated at 50°C for 1h and put 229 

on ice until E. coli transformation. An overview of the oligos can be found in Supplementary Table 9. 230 

For the one PCR to many entries experiments, 1 μL of unpurified PCR product, 1 uL of digested pGGC000, 1 μL of 231 

oligo mix, 2 μL of water and 5 μL of NEBuilder was used. The rest of the conditions were the same as described 232 
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above. For the assembly of incompatible library parts, we made use of 1 μL of each digested part and backbone 233 

vector with a concentration of 50 ng/μL. The rest of the conditions were the same as described above.  234 

For the synthesis of pegRNAs we made use of a previously described protocol15. Briefly, 50 ng of digested pGG-TaU3-235 

ccdB-T(n7) was assembled with 1 μL of each 100 nM oligo in a 10 μL NEBuilder assembly reaction. 236 

E. coli transformation 237 

We made use of home-made DH5α chemically competent cells with a measured transformation efficiency of 4.5x106 238 

cfu/µg. 2 μL of the assembly mix was mixed with 25 μL of competent cells in an ice-cold 1.5 mL Eppendorf tube. After 239 

30 min incubation on ice, the reaction was heat shocked for 30 seconds at 42°C and chilled on ice for 5 min. 300 μL 240 

SOC was added, and the tube was incubated at 37°C for 60 minutes in a shaking incubator. 100 μL was plated on 241 

pre-warmed (37°C) LB medium containing the appropriate antibiotics.  242 

For electrocompetent cells we made use of NEB 10β with a transformation efficiency of 2x1010 cfu/µg. One microliter 243 

of the assembly reaction was mixed with 50 μL of competent cells and placed inside a chilled electroporation cuvette 244 

(0.2 cm gap, BioRad). The electroporation was carried out in a GenePulser (BioRad) according to the manufacturer’s 245 

conditions and 900 μL of SOC was added immediately to the cells. Cells were incubated at 37°C for 60 minutes in a 246 

shaking incubator. 100 μL was plated on pre-warmed (37°C) LB medium containing the appropriate antibiotics.  247 

Analysis of clones 248 

Single E. coli colonies were picked and grown overnight in 3 mL of LB medium containing the appropiate antibiotics. 249 

Plasmids were extracted and sent for Sanger sequencing (Mix2Seq, Eurofins, Germany) using the appropriate 250 

primers (Supplementary Table 9). 251 

Sanger and NGS analysis of saturation mutagenesis experiment 252 

Several clones of each color were transferred to new plates for archiving. A toothpick was used to pick up bacterial 253 

material of each clone which was then lysed in 15 μL lysis buffer (10 mM Tris and 0.1% Triton X-100) by boiling the 254 

reaction for 5 min. The reaction was then spun down for 5 min at 4000 rpm. For the PCR reaction, 2 μL of the 255 

supernatant was used in a REDTaq ReadyMix PCR Reaction with primers Orange_MUT_seq_F and R (Supplementary 256 

Table 9). The PCR reactions were cleaned up with HighPrep™ PCR Clean-up beads (MagBio) according to the 257 
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manufacturer’s instructions and sent for Sanger sequencing (Eurofins, Germany) with primer Orange_MUT_seq_F.  258 

For the NGS analysis, we collected all colonies from the NEB 10β transformed cells by carefully scraping the LB 259 

medium in the presence of 5 mL LB medium. The medium was pooled of all these plates and divided into two. Each 260 

tube was processed with the ZymoPURE II Plasmid Midiprep Kit (Zymo Research). The resulting midipreps were 261 

pooled and a dilution of 10 ng/μL was prepared. Eight separate 50 μL PCR reactions were set up with Q5 (NEB) using 262 

2.5 μL of the diluted midiprep as the template and with the primers Orange_NGS_F and R. The PCR conditions used 263 

were as follows: 98°C/5 min + 12 x (98°C/10 sec + 68°C/30 sec + 72°C/20 sec) + 72°C/5 min + 23°C/∞. The PCR 264 

reactions were pooled and purified using the GeneJET PCR Purification Kit (Thermo Fisher) according to the 265 

manufacturer’s instructions. The sample was then sent to Eurofins (Germany) for adapter ligation and NGS 266 

sequencing (5 million paired reads, 2x150 bp). The data was analyzed using CRISPResso223. The guide sequence was 267 

set as “ACCACAGGTTGGATACGGAA”, the minimum average read quality to a Phred score of 30, and the window size 268 

as 26 with the quantification center in the middle of the degenerate hexanucleotide. Allelic variants with less than 269 

10 reads were filtered out before further data analysis in Excel.  270 

 271 

Supporting information  272 

Additional information references in the text are tables showing the sequences of the recombinant clones 273 

(Supplementary Tables 1-8) and a table with the oligo sequences (Supplementary Table 9). Supplementary Figure 1 274 

shows the mechanism of the reaction. Supplementary Figure 2 shows more information concerning the incompatible 275 

library experiment. Supplementary Figure 3 shows an overview of the saturation mutagenesis experiment. The 276 

supplementary protocol is designed to provide a step-by-step protocol to be used in the lab. 277 
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