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ABSTRACT

Plant synthetic biology is a rapidly evolving field with new tools constantly emerging to drive innovation. Of particular interest is the application of synthetic biology to chloroplast biotechnology to generate plants capable of producing new metabolites, vaccines, biofuels, and high-value chemicals. Progress made in the assembly of large DNA molecules, composing multiple transcriptional units, has significantly aided in the ability to rapidly construct novel vectors for genetic engineering. In particular, Golden Gate assembly has provided a facile molecular tool for standardized assembly of synthetic genetic elements into larger DNA constructs. In this work a complete modular chloroplast cloning system (MoChlo) was developed and validated for fast and flexible chloroplast engineering in plants. A library of 128 standardized chloroplast-specific parts (47 promoters, 38 5’UTRs, 9 promoter:5’UTR fusions, 10 3’ UTRs, 14 genes of interest, and 10 chloroplast-specific destination vectors) were mined from the literature and modified for use in MoChlo assembly, along with chloroplast-specific destination vectors. The strategy was validated by assembling synthetic operons of various sizes, and determining the efficiency of assembly. This method was successfully used to generate chloroplast transformation vectors containing up to 7 transcriptional units in a single vector (~10.6 kb synthetic operon). To enable researchers with limited resources to engage in chloroplast biotechnology, and to accelerate progress in the field, the entire kit, as described, will be available from Addgene at minimal cost. Thus, the MoChlo kit represents a valuable tool for fast and flexible design of heterologous metabolic pathways for plastid metabolic engineering.  
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Introduction and General Information

In this paper we describe a plastid molecular cloning (MoChlo) kit for plastid genetic engineering in plants. The MoChlo kit builds on previously developed modular cloning kits (Sarrion-Perdigones et al., 2011; Weber et al., 2011; Lampropoulos et al., 2013; Engler et al., 2014; Vafaee et al., 2014). Our goals are to lower the barrier of entry into plastid engineering, to enable troubleshooting for transgene expression, and to provide more flexibility for plastid metabolic engineering. Our hope is that a standardized assembly kit comprised of a library of plastid regulatory elements will accelerate research into metabolic engineering in plastids and benefit the research community as a whole. 
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Literature Review
							
The plastids of land plants represent an underutilized resource with regards to metabolic engineering of heterologous pathways (Maliga and Bock, 2011; Bock, 2013; Jin and Daniell, 2015; Schindel et al., 2018). Plastids have been successfully engineered for expression of valuable carotenoids (Wurbs et al., 2007; Apel and Bock, 2009) and terpenoids (Pasoreck et al., 2016), as well as, for the production of numerous biopharmaceuticals (Davoodi-Semiromi et al., 2010; Boyhan and Daniell, 2011; Lakshmi et al., 2013). Nonetheless there are far fewer instances in which the plastid chassis has been engineered for crop improvement traits. Certainly, a more controlled metabolic engineering approach would facilitate a fundamental change in crop improvement (Schindel et al., 2018). One such example, using plastid engineering, is the metabolic engineering of a complete carbon concentrating mechanism from cyanobacterium into plastids for improving photosynthesis (Lin et al., 2014a; Lin et al., 2014b; Occhialini et al., 2016; Long et al., 2018). Since plastid genomes are relatively conserved among land plants, improving photosynthesis in one species via plastids should be translatable to other species (McNeal et al., 2007).
There are several advantages to engineering plastid genomes, as opposed to nuclear ones, for metabolic engineering in plants. Plastids have small genomes (120 to 217 kb) present in multiple copies (e.g. ~10,000 plastome copies per cell in Nicotiana tabacum), lack gene silencing machinery, are capable of extremely high levels of foreign protein production (10-70% total soluble protein), and transgene insertion is achieved through homologous recombination, providing a known landing site for insertion (Kuroda and Maliga, 2001a; Maliga, 2004; Shaver et al., 2006; Verma and Daniell, 2007; Verma et al., 2008; Oey et al., 2009a; Schelkunov et al., 2015). Further, since chloroplasts are prokaryotic in origin, the transcription and translation machinery functions similar to prokaryotes, allowing for coordinated gene expression in operons (Bock, 2013; Lu et al., 2013). For metabolic engineering, the ability to coordinate the expression of multiple genes is essential for controlling complex multigene pathways. Unfortunately, while the regulatory machinery of plastids is prokaryotic in origin, the governing rules/functional motifs used for gene expression are not nearly as well characterized as their bacterial counterparts. Thus, while numerous logic circuits and tunable expression systems have been developed in bacterial systems, few exist for plastids (Verhounig et al., 2010; Emadpour et al., 2015). Instead, most complex pathways expressed in plastids use a single promoter to drive equivalent expression of all transgenes in the pathway (Lu et al., 2013; Fuentes et al., 2016). However, excess production of heterologous protein, even GFP, has had demonstrable negative effects on chloroplast metabolic function and the overall phenotype of the resulting plants (Oey et al., 2009a). Advanced metabolic engineering in plastids requires an understanding of how to tune the stoichiometry of multiple genes within a heterologous pathway to achieve the desired product (Bock, 2013, 2015; Schindel et al., 2018).

Typically heterologous genes engineered into plastids are placed under the control of endogenous regulatory sequences (Tregoning et al., 2003; Lutz et al., 2007; Zhou et al., 2008; Oey et al., 2009b). For effective chloroplast metabolic engineering with tunable expression, the following components must be considered: promoters, 5’ untranslated regions (5’UTRs), and 3’ untranslated regions (3’UTRs). Precise regulation of gene expression in plastids could be controlled by varying these components to achieve the desired expression level for each transgene or operon. While combinatorial and permutational analysis of these components in a bacterial chassis, such as Escherichia coli, are routinely conducted, plastids represent a more challenging system with the plastid toolkit much less developed than that for bacteria. In addition, compared to nuclear engineering in plants, few labs currently conduct plastid engineering. 
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Materials and Methods
Design of modules for Golden Gate assembly
To generate Level-0 parts the nucleotide sequences of chloroplast regulatory elements (promoters, 5’UTRs and 3’UTRs) and genes (fluorescent/selective markers, Lux genes and GOIs) were domesticated with both 5’ and 3’ overhangs using the criteria set forth previously (Weber et al., 2011; Engler et al., 2014) (Supplemental Fig. S1, all tables and figures are located in the appendix). First, all IIS restriction sites (BsaI, BpiI and Esp3I) in the native part sequences were removed by single nucleotide substitutions. Next, the parts were flanked by BsaI sites at opposite orientation along with synthetic cut sites that generate 5’ and 3’ overhangs after restriction digestion. The resulting overhangs guarantee specific directional cloning of Level-0 parts into Level-1 transcriptional units following the order Promoter-5’UTR-GOI-3’UTR (Fig. 1; Supplemental Fig. S1). Compatible overhangs for Level-1 assembly and possible combinations of Level-0 parts are shown in Supplemental Fig. S1. Level-0 modules of the same functional group are equipped with identical overhangs, allowing the generation of different cassettes by choosing specific modules of interest. The 5’ overhang of Level-0 promoters and the 3’ overhang of 3’UTRs were designed to ligate to compatible ends of Level-1 destination vectors. The overhangs used in the MoChlo kit were specifically designed to be compatible with vectors generated in previous plant MoClo systems (Engler et al., 2014). Finally, Level-0 and homologous sequences of chloroplast destination vectors were chemically synthesized by GeneArt (Invitrogen, Thermo Fisher Scientific) and cloned into E.coli pUC based-vectors (kanamycin resistance gene nptII). The codon usage of Lux genes and GOI-1, 2, 3 were optimized for the Nicotiana tabacum chloroplast genome using Optimizer (Evolutionary Genomics Group, Biochemistry and Biotechnology Department Universitat Rovira i Virgili, Tarragona, Spain. http://genomes.urv.es/OPTIMIZER/) and a codon usage table downloaded from the codon usage database (http://www.kazusa.or.jp/codon/). Further, Level-1 destination vectors and Level-2 end-linkers from previous studies were used directly (Weber et al., 2011; Engler et al., 2014).

Golden Gate cloning and transformation in E. coli
The one pot-one step reaction for Golden Gate cloning was performed in a total volume of 20 µl adding the following components in the same PCR tube: (I) 25 ng of destination vector either for Level-1 or Level-2 and a variable amount of individual plasmids containing the fragments of interest. One hundred ng of plasmid containing the larger fragment along with variable amounts (ng) of other plasmids with different molecular weights. The amount of all plasmids were adjusted to guarantee the same molar ratio for all components. For Level-2, 50 ng of plasmid containing the correct end-linker were also added. (II) 1 µl (20 units) of the correct IIS restriction enzyme. BsaI (BsaI HF V2, New England Biolabs, NEB) was used for Level-1 and either BpiI (Anza™ 4 BpiI Invitrogen, Thermo Fisher Scientific) or BbsI (BbsI HF, New England Biolabs, NEB) for Level-2. BpiI was used for operons larger than 2 cassettes. (III) 1 µl (400 units) of T4 DNA ligase (New England Biolabs, NEB). (IV) 2 µl of T4 DNA ligase buffer (10X stock), and the final volume was adjusted to 20 µl using sterile ultra-pure water.
The Golden Gate reactions for both Level-1 and 2 were performed overnight in a thermocycler. A first step of 10 minutes at 37°C and then 10 minutes at 16°C was repeated for 35 cycles. After, the reaction was incubated at 50°C for 30 minutes, then 60 more minutes at 16°C. Before transformation into E.coli the enzymes were inactivated for 20 minutes at 65°C. 1 µl of Golden Gate reaction was added to 25 µl of TOP10 Chemically Competent E.coli (Invitrogen, Thermo Fisher Scientific) and transformed by heat-shock method (as manufacture protocol). After transformation, 250 µl of SOC media (Invitrogen, Thermo Fisher Scientific) was added and then incubated for 1 hour at 37ºC under agitation. 50 µl of bacteria cultures were plated on a petri dish containing LB-agar (Luria-Bertani media: 10 g/l Tryptone; 10 g/l NaCl; 5 g/l yeast-extract; bacto-agar 15 g/l; pH 7) containing the correct selective agent. Kanamycin and spectinomycin were used at 50 µg/ml and 100 µg/ml, respectively. Liquid bacterial cultures were grown in LB media without bacto-agar.

Plasmid extraction from bacterial cells, restriction digestion and PCR
Pure plasmid preparations were obtained using QIAprep Spin Miniprep Kit (QIAGEN). The restriction digestions using either BsaI or BbsI (New England Biolabs, NEB) were performed in a total volume of 30 µl using 10 units of enzyme, 500 ng of plasmid and 1X Custom Buffer (New England Biolabs, NEB). The restriction digestion using BpiI was performed using the same conditions in Anza™ 1X Buffer (Invitrogen, Thermo Fisher Scientific). PCRs were performed in 25 µl reaction volumes using 1X DreamTaq Green PCR Master Mix (Thermo Fisher Scientific), along with specific pairs of primers and 25 ng of template plasmid. For colony PCR, the reactions were performed using 2 µl of overnight bacteria liquid-cultures. The following combination of forward and reverse primers (FW/RV) were used to amplify the indicated DNA fragments. GOI-1: Primers 1/20; GOI-2: Primers 2/21; GOI-3: Primers 3/22; GOI-4: Primers 4/23; aadA (full-length): Primers 5/24; Cassette 1A: Primers 6/25; Cassette 1B and 1C: Primers 7/25; Cassette 1D: Primers 8/26; trnG/GOI-1: Primers 9/20; GOI-1/GOI-2: Primers 1/21; GOI-2/GOI-3: Primers 2/22; GOI-3/aadA: Primers 3/24; aadA/trnfM: Primers 5/27; Lux-C: Primers 10/28; Lux-D: Primers 11/29; Lux-A: Primers 12/30; Lux-B: Primers 13/31; Lux-E: Primers 14/32; Lux-G: Primers 15/33; aadA (fragment): Primers 16/34; mEmerald (fragment): Primers 17/35; Cassette-LC1, LD1, LA1, LB1, LE1, LG1 and S1: Primers 18/36; trnG/Lux-C: Primers 9/28; Lux-C/Lux-D: Primers 10/29; Lux-D/Lux-A: Primers 11/30; Lux-A/Lux-B: Primers 12/31; Lux-B/Lux-E: Primers 13/32; Lux-E/Lux-G: Primers 14/33; Lux-G/aadA: Primers 15/34; aadA/trnfM: Primers 5/27; Right and left of T-DNA: Primers 19/37. A list of primers used in this work are shown in Supplemental Table S4. Both restriction digestion and PCR products were separated by electrophoresis using 1% agarose gel in 1X TAE buffer (40 mM Tris-acetate; 1 mM EDTA; pH 8.3) containing 0.3 µg/ml ethidium bromide (EtBr). The Hi-Lo™ DNA ladder from 50 bp to 10,000 bp (BIONEXUS) was used as molecular DNA-marker.


Transformation, selection, and screening of potato chloroplasts
Solanum tuberosum (potato) var. Desirée were grown in sterile conditions in Magenta boxes containing MS Reg. media (4.33 g/l Murashige and Skoog (MS) basal salt mixture; 25 g/l sucrose; 100 mg/l myo-inositol; 170 mg/l sodium phosphate monobasic monohydrate; 440 mg/l calcium chloride dihydrate; 0.9 mg/l thiamine-HCl; 2 mg/l glycine; 0.5 mg/l nicotinic acid; 0.5 mg/l pyridoxine-HCl; 1x MS vitamins; 3 g/l phytagel; pH 5.8). Potato plants were kept in a controlled growth room at 16 hours of light (100 µmol/m2·s) and 8 hours of dark. The temperature was kept at 24°C constant during all light/dark cycle. Transplastomic green callus was obtained from biolistic transformation of potato leaf disks as described previously (Valkov et al., 2014). Briefly, DNA constructs were bound on the surface of 600 nm gold-particles (Seashell Technology), and bombarded into potato leaf disks on M6M media. Selection of transplastomic green callus was obtained by subculturing leaf disks in M6 media (~4 weeks) and Ti media (~6 weeks) with spectinomycin, as described previously (Valkov et al., 2014).
To confirm integration, a CTAB-based procedure was used to extract total genomic DNA from green callus prior to confirmation of integration of the transplastomic cassette by PCR (Lin et al., 2014b). After isolation, 5-10 ng of total genomic DNA was used as template for PCR as described previously. The primers 5/24 and 16/27 were used to detect the full-length aadA gene and the aadA/trnfM integration region, respectively (Supplemental Table S4). Transplastomic green callus was imaged using an Olympus Fv1000 confocal microscope (Olympus). The mEmerald fluorescent protein was excited using at 488 nm and detected at 505-530 nm. Chlorophyll auto-fluorescence was obtained using an excitation at 543 nm and detected at > 560 nm. Digital images were acquired using the Olympus FV10-ASW Viewer software Ver.4.2a (Olympus). Confocal images were processed using ImageJ 1.41o (National Institute of Health, Bethesda, MD, USA).
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The nomenclature and strategy used for the various levels and components of the MoChlo system were adopted from previous plant MoClo kits (Weber et al., 2011; Engler et al., 2014) (Fig. 1; Supplemental Fig. S1). All individual parts (Level-0) mined from the literature were domesticated using the criteria described in the Materials and Methods. The domesticated MoChlo parts library consists of 47 chloroplast promoters, 38 5’ UTRs, 9 fused chloroplast promoter::5’UTRs, and 10 terminators/ 3’ UTRs. In addition, the library includes 14 coding genes including selectable markers (e.g. aadA) and reporter genes (e.g. mEmerald green fluorescent protein). A complete list of all Level-0 modules provided in the MoChlo kit including references to where the sequence was mined is shown in Table 1 and Supplemental Table S1. All 14 Level-1 destination vectors (7 in forward and 7 in reverse orientation) were obtained directly from a previous MoClo kit (Engler et al., 2014) (Supplemental Table S2). With the current components of the MoChlo kit it is possible to assemble up to 7 Level-1 constructs into a single Level-2 construct (Fig. 1; Supplemental Fig. S2). In addition, a set of 7 end-linkers compatible with the 3’ overhang of each position of the final operon provides the option to integrate a variable number of cassettes into Level-2 vectors (Supplemental Fig. S2; Supplemental Table S3). The final component of the MoChlo system are the Level-2 chloroplast-specific destination vectors. The Level-2 destination vectors in the MoChlo system were developed for 3 plant species (Nicotiana tabacum; Zea mays; Solanum tuberosum) with homologous arms designed for recombination into 4 different integration sites of the plastome (trnI-trnA; trnG-trnfM; trnV-3'rps12; atpB-accD) (Supplemental Table S3). Thus, in the current version of the MoChlo kit, researchers would be able to directly assemble chloroplast transformation cassettes for multiple plant species utilizing a variety of regulatory elements, as well as, selectable marker genes.

Validation of the MoChlo strategy for assembly of simple synthetic operons (≤ 4 transcriptional units)
The first step in validating the MoChlo kit was assembling Level-1 constructs from the Level-0 parts (Fig. 2). Four Level-1 transcriptional units expressing either GOI-1, GOI-2, GOI-3 or aadA were cloned into 4 Level-1 vectors for position 1, 2, 3 and 4 of the operon, respectively. A description of regulatory sequences (Level-0 parts) used to assemble the aforementioned 1A, 1B, 1C and 1D Level-1 cassette is shown in Table 2. The efficiency of assembly of the Level 1 constructs was 100% as determined by blue-white screening, PCR, and restriction digestion (Fig. 2, Supplemental Fig. S3). Finally, the correct nucleotide sequence of all Level-1 constructs was verified by Sanger sequencing. Examples of another 14 Level-1 cassettes assembled using the MoChlo kit are shown in Supplemental Fig. S4 and had the same efficiency 100%. 

To validate Level 2 assembly, Level-2 operon-1 (~3.5 kb) was assembled in a second assembly step using the 4 Level-1 cassettes (1A, 1B, 1C and 1D) generated previously. For this assembly, a Level-2 destination vector equipped with homologous arms to trnG-trnfM from Solanum tuberosum was used (Fig. 3). This operon was designed to represent a standard polycistronic operon (3 GOI) along with a monocistronic selection cassette. Using BbsI to release all of the Level-1 cassettes for Level-2 assembly, the efficiency of Level-2 assembly, as determined by PCR, was 22.5% (Supplemental Fig. S5). However, when using the isoschizomer BpiI instead, GOI-1 was found to be present in all 40 colonies tested with 37 of the colonies positive for all genes in the cassette (Supplemental Fig. S6). Thus the efficiency of Level 2 assembly was 92.5% using BpiI instead of BbsI, as determined by colony PCR. With a simpler assembly combining only 2 Level-1 cassettes into a Level-2, instead of the 4 previous described, there was no difference in efficiency between assembly using BbsI and BpiI, with both achieving 100% efficiency (Supplemental Fig. S7). Correct assembly of Level-2 operon-1 was further verified by PCR of the individual components (Fig. 3), as well as by PCR confirmation of the junctions between individual Level-1 constructs (trnG/GOI-1, GOI-1/GOI-2, GOI-2/GOI-3, GOI-3/aadA and aadA/trnfM) (Fig. 3). Examples of another 4 Level-2 operons assembled by the same 4 Level-1 cassettes are shown in Supplemental Fig. S8.

Validation of MoChlo strategy for assembly of a large operon (7 transcriptional units)
In the current iteration of the MoChlo kit, the maximum number of Level-1 constructs that can be combined into a single Level-2 cassette is 7. To test the efficiency of the maximum assembly, the 6 genes comprising the Lux operon (Lux-C, D, A, B, E and G) were domesticated to Level-0 parts, and assembled into Level-1 constructs (LC1, LD1, LA1, LB1, LE1, LG1) with similar efficiency to that described previously (Fig. 4, Table 3, Supplemental Fig. S9). The 7th position in the maximum Level-2 cassette was reserved for selection using either aadA or mEmerald (Cassette-S1 and S2, respectively). After sequence verification of the Level-1 constructs, Level-2 assembly of the 6 Lux cassettes, along with Cassette-S1, was conducted using the Solanum tuberosum trnG-trnfM Level-2 chloroplast destination vector (Fig. 5). For this test case, the assembly was designed to express 7 monocistronic transcriptional units (~10.6 kb total), in which the 7 genes are under the control of the same regulatory sequences (Table 3). After double selection with kanamycin/spectinomycin (nptII on Level-2 backbone and aadA within operon), it was determined 28 of 40 colonies were PCR positive for the presence of Lux-C, with 26 of the 28 Lux-C positive colonies positive for all genes of the operon (Supplemental Fig. S10). In this test case, the efficiency of assembly of 7 Level-1 constructs into a single Level-2 construct was 65%. In the case of using BbsI instead of BpiI the efficiency was substantially reduced to 1.25% (Supplemental Fig. S11). Correct assembly of the complete Level-2 operon was further validated using single gene and junction PCR (Fig. 5). Thus with the current design of the MoChlo kit, a single chloroplast transformation vector containing up to 7 Level-1 cassettes can be assembled with high efficiency. 
In vivo validation of the MoChlo kit
To test functionality of the MoChlo kit and demonstrate the potential of the kit for combinatorial screening, two test operons were assembled using the methods previously. Operon X was driven by the rrn promoter and the Synthetic RBS was used as the 5’UTR. For Operon Y, the fused accD promoter::5’UTR were used to drive expression of the operon. In both cases, the operons were assembled into Level-2 constructs for integration into the Solanum tuberosum trnG-trnfM site (Fig. 6). In both operons, mEmerald was used as a visual marker to enable microscopic verification of functionality of the operon, while a monocistronic aadA cassette with the fused promoter::5’UTR of psbA was used for antibiotic selection of transplastomic tissue. After verification of correct assembly, the Level-2 constructs were bombarded into potato leaf disks and placed under selection with spectinomycin. After ~10 weeks, primary green callus emerged indicating that the monocistronic aadA cassette was functional, and molecular analysis confirmed that the operons integrated correctly into the native potato plastome. Further analysis of green callus by confocal microscopy showed that mEmerald fluorescence was present and correctly co-localized to the plastids in both operons (Fig. 6). In addition, the fluorescence intensity of mEmerald was weaker for Operon Y compared to Operon X, which was expected due to the difference in regulatory elements between the operons. The ability to assemble, transform, and validate operons in ~10 weeks demonstrates the potential for the complete system for combinatorial screening of plastid regulatory elements.

Discussion
In general, chloroplast biotechnology has fallen behind the current trends in synthetic biology, and relies on antiquated systems for vector construction. To facilitate facile assembly of large DNA-constructs necessary for metabolic engineering several molecular cloning methods based on Golden Gate assembly have been developed (Engler et al., 2008; Engler et al., 2009; Weber et al., 2011). Essentially, these methods take advantage of the unique ability of type IIS restriction enzymes to cut DNA outside of their recognition site, generating 4 bp-long non-palindromic 5' or 3' overhangs (Engler et al., 2008; Engler et al., 2009). Cleavage sites can then be designed to produce compatible overhangs able to directionally assemble multiple DNA fragments in a one pot-one step reaction. By adding the same standardized overhangs to a library of DNA basic units, it is possible to generate a number of different combination using the same cloning strategy (Sarrion-Perdigones et al., 2011; Weber et al., 2011; Lampropoulos et al., 2013). Compared with classical cloning techniques, Golden Gate assembly does not require a complicated design or time consuming cloning. In fact the combination of restriction digestion and ligation in a one pot-one step reaction eliminates the need of PCR amplification, fragment digestions and gel purifications, providing a fast and reliable method for assembly of large molecules of DNA (Weber et al., 2011). Golden Gate cloning can be performed in any laboratory equipped for molecular biology by simply purchasing enzymes (IIS restriction enzymes and T4 ligase), together with standardized DNA modules and vectors used for assembly (Marillonnet and Werner, 2015). 
At present, only a single study has demonstrated the potential to utilize a modular cloning approach for the generation of chloroplast transformation vectors (Vafaee et al., 2014). In the previous work, GoldenBraid was chosen as the modular cloning strategy to demonstrate the potential for facile modular assembly of chloroplast transformation vectors. While GoldenBraid utilizes a smaller complement of destination/intermediate vectors, the number of parts that can be combined in a single step is more limited than Golden Gate. As such, the MoChlo kit was designed using the Golden Gate MoClo approach. Considering the broad adoption of the plant MoClo kits, genes of interest developed by researchers for standard nuclear expression can be directly used in the MoChlo kit without further domestication. Further, the MoChlo kit developed in this work will be released to the research community (through Addgene) with a complete set of Level-0 parts, including common chloroplast promoters, 5’ UTRs, 3’ UTRs, and selection genes (118 parts in total). Additionally, the kit contains Level-2 destination vectors specifically designed to enable homologous recombination into the most common sites for tobacco, corn and potato chloroplast engineering. Further, the MoChlo kit has been validated in vivo, demonstrating the functionality of the components and strategy. A schematic of a combinatorial study using the MoChlo kit, from assembly of constructs to the generation of transplastomic plants, is shown in Fig. 7.
Of particular importance to chloroplast biotechnology, is the relative dearth of information on precise control of multigene expression. Apart from developing a fast and flexible assembly method for chloroplast transformation vectors, a secondary goal of the MoChlo kit is to accelerate research into controllable multigene expression in plastids. Therefore, promoters and regulatory sequences constitute the majority of the MoChlo kit. Optimal levels of relative protein expression between different components is fundamental to achieve successful metabolic engineering. The expression levels of protein units encoded by both monocistronic DNA assemblies and synthetic operons can be manipulated both at transcriptional and translational level by choosing different promoters and 5’ UTRs, respectively. Apart from commonly used strong promoters such as Prrn, PpsbA and PrbcL (Shiina et al., 1998; Hayashi et al., 2003; Suzuki et al., 2003), the MoChlo kit has been supplemented with many other characterized and uncharacterized regulatory elements along with modified versions of endogenous promoters. As an example, point mutations within the -10 and -35 consensus sequences of Prrn, as well as in between them, have been shown to alter the level of transcription (Suzuki et al., 2003). Moreover, among the group of less characterized chloroplast promoters, several forms of PatpB (Xie and Allison, 2002), PatpH, PatpI (Miyagi et al., 1998), PpsbB (Tanaka et al., 1987) and PpsbD (Christopher et al., 1992; Allison and Maliga, 1995) have also been used to achieve variable gene expression. Additionally, promoters of clpP and accD have shown promise in gene expression in non-green plastids (Zhang et al., 2012; Caroca et al., 2013). Similarly, translation motifs, such as SD (Shine-Dalgarno sequence or ribosome binding site RBS) located in 5’UTRs are important for efficient translation of protein. In the MoChlo kit we provide a library of endogenous 5’UTRs and modified versions that are characterized by different translation efficiencies. Therefore, by using both modified versions of the same 5’UTR and sequences from different genes, it is possible to manipulate protein translation. For example, deletion of either psbA RBS 1 or 2 reduces translation efficiency by ~30%, whereas the disruption of both sequences has a drastic effect on protein translation. In contrast, deletion of the third RBS of the psbA 5’UTR has little effect on protein translation (Hirose and Sugiura, 1996). Similarly, mutation of the SD sequence of the rps2 5’UTR, resulted in several fold increase in translation efficiency compared to the wild-type sequence (Plader and Sugiura, 2003). Processed forms of 5’ UTRs of psbN and psbB have also been show to significantly affect translation efficiency (Yukawa et al., 2007; Kuroda and Sugiura, 2014). A chimeric synthetic 5’UTR generated from psbA-rbcL has also been demonstrated with a 1.5-fold decrease of translation efficiency compared to the wild type sequences (Zou et al., 2003). Considering the goal of many of these earlier works was to maximize transcription and translation of transgenes, many characterized regulatory elements have fallen by the wayside.
A key component for broad adoption of the MoChlo kit, and thus its usefulness to the research community, is its ease of use and efficiency. In our hands, the MoChlo kit provides a robust assembly strategy for chloroplast transformation vectors containing up to 7 different cassettes. A fundamental point of emphasis for achieving high efficiency assembly was the choice of the IIS restriction enzyme. For assembly of chloroplast transformation vectors containing only 2 cassettes, the choice in enzyme between BbsI and BpiI was irrelevant (Supplemental Fig. S7). For Level-2 assembly of 3 or more cassettes a much higher efficiency of assembly was achieved by using BpiI rather than the isoschizomer BbsI. Attempts to assemble 4- and 7-genes operons using BbsI resulted in efficiencies of 22.5% and 1.25% (Supplemental Fig. S5 & S11), compared to 92.5% and 65% using BpiI (Supplemental Fig. S6 & S10). One possible reason for the decrease in efficiency of assembly could be the kinetic properties of the two enzymes. The one pot-one step reaction is performed in T4 DNA ligase buffer and we postulate that BpiI has more favorable kinetics in this suboptimal buffer. Moreover, BbsI has lower thermal stability that may reduce its activity during the Golden Gate reaction. In any event, the MoChlo kit provides a considerable advantage to small labs with limited resources and funding, in that only the genes of interest must be synthesized, and complete assembly can be accomplished using only 2 enzymes.
In its current form, the MoChlo kit was designed to allow assembly of 7 transcriptional units into a single chloroplast transformation vector. Considering the high efficiency obtained for the maximum test case, it would be useful to identify the upper limit for efficient assembly of a chloroplast transformation vector. In a previous study, 11 Level-1 cassettes consisting of 44 Level-0 modules were assembled into a 33 kb DNA fragment using Golden Gate assembly (Weber et al., 2011). In future iterations of the MoChlo kit, the system will be expanded to assemble larger and more complex synthetic operons. For this purpose, a new set of Level-2 end-linkers equipped with a visual marker (e.g. LacZα) flanked by different IIS restriction sites (BsaI or Eps3I) will be synthesized. The generation of compatible overhangs after restriction digestion will allow an additional Level-3 directional cloning to insert more transcriptional units into pre-assembled Level-2 constructs. Considering the relatively small size of the complete chloroplast genome of land plants (~100-200 kb), it would theoretically possible to synthesize a complete synthetic chloroplast genome using this approach.


1. [bookmark: _Toc427156482][bookmark: _Toc428278487]
Conclusions and Recommendations
The main goal of the MoChlo kit developed in this work was to provide a standardized method to assemble multi gene constructs for metabolic engineering by using pre-synthesized chloroplast destination vectors and a wide array of regulatory elements. The library of Level-0 parts developed in this work provides both commonly used and uncharacterized plastid regulatory sequences, allowing for precise modulation of multiple genes necessary to guarantee optimal protein stoichiometry for metabolic engineering. With the modularity of the approach, the MoChlo kit can easily be expanded by adding new regulatory sequences (e.g. prokaryotic inducible promoters), protein tags (e.g. fluorescent proteins and epitopes), species specific integration sites, along with a set of new linkers that could extend the number of transcriptional units (>7) currently allowable in the kit. The substantial decrease in the cost of gene synthesis further facilitates use of the kit by researchers with limited funding and resources. The creation of a common resource of standardized Level-0 parts will provide enormous advantages in terms of collaboration and accessibility to researchers working in chloroplast biotechnology. Furthermore, the MoChlo assembly strategy is highly amenable to automation, which may further drive the potential for combinatorial screening of numerous metabolic engineering cassettes for plastid engineering.
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APPENDIX


	Table 1: List of Level-0 parts provided in the MoChlo Kit.


	Promoters
	
	5’ untranslated region (5’ UTR)

	PaccD (-82 to +23)1
	Prrn1613
	
	atpB 5'UTR16
	rbcL 5'UTR (full)17

	PaccD (functional)1
	Prrn (N. tabacum)6
	
	atpB 5'UTR +10 (functional)16
	rbcL 5'UTR (processed)17

	PatpB (NEP functional PEP disabled)2
	Prrn (N. tabacum) APrrn1u
	
	atpB 5'UTR +10 processed -90 (functional)17
	rbcL 5'UTR + 14 AA18

	PatpB (NEP)2
	Prrn (N. tabacum) APrrn2u
	
	atpB 5'UTR TCR processed -90 (functional)18
	Synthetic RBS26

	PatpB (PEP and NEP functional)2
	Prrn (N. tabacum) APrrn3u
	
	atpH 5'UTR17
	T7G10 leader26

	PatpB (PEP functional NEP disabled)2
	Prrn (N. tabacum) APrrn4u
	
	atpH 5'UTR processed -4517
	T7G10 leader + Ec DB26

	PatpB (PEP)2
	Prrn (N. tabacum) APrrn5u
	
	atpI 5'UTR19
	rrn16 5'UTR (native)13

	PatpH3
	Prrn (N. tabacum) APrrn6u
	
	psbN 5'UTR20
	rrn16 5'UTR (+37)13

	PatpI (NEP)3
	Prrn (N. tabacum) APrrn7u
	
	psbN 5'UTR  processed -3920
	psbA 5'UTR7

	PatpI (PEP Hypothetical)3
	Prrn (N. tabacum) APrrn8u
	
	psbB 5'UTR17
	Synthetic RBS10

	PclpP4
	Prrn (N. tabacum) APrrn9u
	
	psbB 5'UTR processed -5417
	psbC 5'UTR27

	PclpP (PEP)4
	Prrn (N. tabacum) APrrn10u
	
	ndhD 5'UTR21
	accD 5'UTR28

	IEE5
	Prrn (N. tabacum) BPrrn12u
	
	rps2 5'UTR22
	clpP 5'UTR29

	Prrn (-64 to +17)6
	Prrn (N. tabacum) BPrrn13u
	
	rps2 5'UTR mAAGA22
	

	mPrrn (5-fold decrease transcription)6
	Prrn (N. tabacum) BPrrn14u
	
	rps2 5'UTR mCCUC22
	

	PpsbA7
	Prrn (N. tabacum) BPrrn15u
	
	rps2 5'UTR mAAGA (-20 to -10 deletion)22
	

	PpsbA (-42 to +9)8
	Prrn (N. tabacum) BPrrn16u
	
	rps2 5'UTR mCCUC (-20 to -10 deletion)22
	

	PpsbB9
	Prrn (N. tabacum) BPrrn17u
	
	psbH 5'UTR + start codon + 1AA23
	

	PpsbD-leader10
	Prrn (N. tabacum) BPrrn18u
	
	psbA 5'UTR (SNM)24
	

	PpsbD-PGTbx10
	Prrn (N. tabacum) BPrrn19u
	
	psbA 5'UTR (SEM)24
	

	PpsbD10
	Prrn (N. tabacum) BPrrn20u
	
	psbA 5'UTR (delta SL)24
	

	PrbcL11
	Prrn (N. tabacum) BPrrn21u
	
	psbA 5'UTR (delta 5'SL)24
	

	PrbcL (core -3 to +9)11
	
	
	psbA-rbcL chimeric 5'UTR (R delta 5'SL)24
	

	PrbcL (-110 to +9)11
	
	
	psbA-rbcL chimeric 5'UTR (R'SLWT)24
	

	PrpoB12
	
	
	rps14 5'UTR25
	

	
	
	
	
	

	Promoter::5’UTR 
	Genes of interest (GOI)
	
	Integration sites 
	3’ untranslated region
(3’ UTR)

	Zm PclpP::5’UTR14
	mEmerald30
	
	N. tabacum trnI/trnA45
	psbA 3'UTR39

	Zm PclpP::Gg10 leader14
	pporRFP31
	
	N. tabacum trnG/trnfM46
	rbcL 3'UTR39

	PaccD::5’UTR14
	aadA32
	
	N. tabacum trnV/3'rps1247
	petD 3'UTR40

	mPrrn::RBS (3.9%)6
	aphA633
	
	N. tabacum atpB/accD48
	rpoA 3'UTR40

	mPrrn::RBS (20%)6
	nptII34
	
	Z. mays trnI/trnA45
	E.coli rrnB 3'UTR40

	mPrrn::RBS (46%)6
	Myc aadA-GFP35 
	
	Z. mays trnV/3'rps1247
	psaC 3'UTR21

	mPrrn::RBS (60%)6
	FLARE16-S aadA-GFP36
	
	S. tuberosum trnI/trnA45
	TMV 3'UTR41

	mPrrn::RBS (61%)6
	aac6-aph237
	
	S. tuberosum trnG/trnfM46
	TYMV 3'UTR42

	Prrn::RBS15
	Lux-C codon opt. Nt chloroplasts38
	
	S. tuberosum trnV/3'rps1247
	BMV 3'UTR43

	
	Lux-D codon opt. Nt chloroplasts38
	
	S. tuberosum trnV/3'rps1247
	ALMV 3'UTR44

	
	Lux-A codon opt. Nt chloroplasts38
	
	
	

	
	Lux-B codon opt. Nt chloroplasts38
	
	
	

	
	Lux-E codon opt. Nt chloroplasts38
	
	
	

	
	Lux-G codon opt. Nt chloroplasts38
	
	
	

	Table 1 continued

	* A detailed description of all Level-0 parts, including nucleotide sequences, is included in Supplemental Table S1.

1 Hirata et al., 2004; 2 Xie and Allison, 2002; 3 Miyagi et al., 1998; 4 Sriraman et al., 1998; 5 Zhou et al., 2007; 6 Suzuki et al., 2003; 7: Staub and Maliga, 1994; 8 Hayashi et al., 2003; 9 Tanaka et al., 1987; 10 Allison and Maliga, 1995; 11 Shiina et al., 1998; 12 Liere and Maliga, 1999; 13 Allison et al., 1996; 14 Zhang et al., 2012; 15 Daniell et al., 2005; 16 Hirose and Sugiura, 2004; 17 Yukawa et al., 2007; 18 Kuroda and Maliga, 2001b; 19 Baecker et al., 2009; 20 Kuroda and Sugiura, 2014; 21 Hirose and Sugiura, 1997; 22 Plader and Sugiura, 2003; 23 Hammani et al., 2012; 24 Zou et al., 2003; 25 Hirose et al., 1998; 26 Kuroda and Maliga, 2001a; 27 Kuroda et al., 2007; 28 Caroca et al., 2013; 29 Kuroda and Maliga, 2002; 30 Cubitt et al., 1999; 31 Alieva et al., 2008; 32 Svab and Maliga, 1993; 33 Huang et al., 2002; 34 Carrer et al., 1993; 35 Lutz et al., 2007; 36 Khan and Maliga, 1999; 37 Tabatabaei et al., 2017; 38 Lee et al., 1991; 39 Eibl et al., 1999; 40 Tangphatsornruang et al., 2011; 41 Kawamura-Nagaya et al., 2014; 42 Ma et al., 2015; 43 Bujarski et al., 1985; 44 Trucco et al., 2014; 45 Daniell et al., 1998; 46 Bock and Maliga, 1995; 47 Staub and Maliga, 1992; 48 Lin et al., 2014b.








	Table 2: Design of 4 different Level-1 cassettes

	Name 
	Promoter
(P)
	5’UTR (5’)
	GOI
	3’UTR 
(3’)
	Size 
(kb)
	Position
(fw)

	Cassette 1A
	PaccD
	Synth RBS
	GOI-1
	petD-3’UTR
	0.664
	1

	Cassette 1B
	IEE
	Synth RBS
	GOI-2
	petD-3’UTR
	0.583
	2

	Cassette 1C
	IEE
	Synth RBS
	GOI-3
	petD-3’UTR
	1.114
	3

	Cassette 1D
	PpsbA
	Synth RBS
	aadA
	psbA-3’UTR
	1.019
	4






	Table 3: Design of 6 Level-1 cassettes for the Lux operon and 2 Level-1 selection cassettes

	Name 
	Promoter (P)
	5’UTR 
(5’)
	GOI
	3’UTR 
(3’)
	Size 
(kb)
	Position
(fw)

	Cassette-LC1
	Prrn
	Prrn-5’UTR
	Lux-C
	rrnB-3’UTR
	1.919
	1

	Cassette-LD1
	Prrn
	Prrn-5’UTR
	Lux-D
	rrnB-3’UTR
	1.430
	2

	Cassette-LA1
	Prrn
	Prrn-5’UTR
	Lux-A
	rrnB-3’UTR
	1.547
	3

	Cassette-LB1
	Prrn
	Prrn-5’UTR
	Lux-B
	rrnB-3’UTR
	1.463
	4

	Cassette-LE1
	Prrn
	Prrn-5’UTR
	Lux-E
	rrnB-3’UTR
	1.604
	5

	Cassette-LG1
	Prrn
	Prrn-5’UTR
	Lux-G
	rrnB-3’UTR
	1.187
	6

	Cassette-S1
	Prrn
	Prrn-5’UTR
	aadA
	rrnB-3’UTR
	1.274
	7

	Cassette-S2
	Prrn
	Prrn-5’UTR
	mEmerald
	rrnB-3’UTR
	1.202
	7





Supplementary Table S1
	Type
	Name
	Sequence
	bp
	Resistance
	Description
	Reference

	Promoter
	PaccD (-82 to +23)
	GGTCTCAGGAGGACATAGGAGAAGCCGCCCTTTATTAAAAATTATATTATTTTAAATAATATAAAGGGGGTTCCAACATATTAATATATAGTGAAGTGTTCCCCCAGATTCAGAACTACTTGAGACC
	127
	Kanamycin
	accD promoter, -82 to +23 slight increase from native when transgene attached. Decreased transgene expression if another 5'UTR longer than 129 bp is used in between transgene
	(Hirata et al., 2004)

	Promoter
	PaccD (functional)
	GGTCTCAGGAGCGATGCGAATTTGACACGACATAGGAGAAGCCGCCCTTTATTAAAAATTATATTATTTTAAATAATATAAAGGGGGTTCCAACATATTAATATATAGTGAAGTGTTCCCCCAGATTCAGAACTACTTGAGACC
	144
	Kanamycin
	accD promoter, -99 to +23 fully functional when transgene attached. Decreased transgene expression if another 5'UTR longer than 129 bp is used in between transgene
	(Hirata et al., 2004)

	Promoter
	PatpB (NEP functional PEP disabled)
	GGTCTCAGGAGAATAGAAATAGAAAATAAAGTTCAGGTTCGAATTCCATAGAATAGATAATATGGATGGGATTGTCGCGAATTGATAGACAATACTTGAGACC
	103
	Kanamycin
	atpB promoter, mutation in -10 motif disables PEP function
	(Xie and Allison, 2002)

	Promoter
	PatpB (NEP)
	GGTCTCAGGAGAATAGAAATAGAAAATAAAGTTCAGGTTCGAATTCCATAGAATAGATAATACTTGAGACC
	71
	Kanamycin
	atpB promoter; only NEP core sequence (untested)
	(Xie and Allison, 2002)

	Promoter
	PatpB (PEP and NEP functional)
	GGTCTCAGGAGAATAGAAATAGAAAATAAAGTTCAGGTTCGAATTCCATAGAATAGATAATATGGATGGGATTGTCTATAATGATAGACAATACTTGAGACC
	102
	Kanamycin
	atpB promoter, functional when fused to RBS leader
	(Xie and Allison, 2002)

	Promoter
	PatpB (PEP functional NEP disabled)
	GGTCTCAGGAGAATAAAGTTCAGGTTCGAATTCCATAGAATAGATAATATGGATGGGATTGTCTATAATGATAGACAATACTTGAGACC
	89
	Kanamycin
	atpB promoter, deletion of GAA-box prevents NEP function
	(Xie and Allison, 2002)

	Promoter
	PatpB (PEP)
	GGTCTCAGGAGTAGATAATATGGATGGGATTGTCTATAATGATAGACAATACTTGAGACC
	60
	Kanamycin
	atpB promoter, only PEP core sequence (untested)
	(Xie and Allison, 2002)

	Promoter
	PatpH
	GGTCTCAGGAGATAGGATTGAATCTAAGATGAATGCTTGGTTTACGTTATGGAAGAAAGACATGTATATGTGATATTATACTTGAGACC
	89
	Kanamycin
	atpH complete promoter (untested)
	(Miyagi et al., 1998)

	Promoter
	PatpI (NEP)
	GGTCTCAGGAGTCCTTGATTAATAATAACATAATAAGATATACTTGAGACC
	51
	Kanamycin
	atpI promoter NEP
	(Miyagi et al., 1998)

	Promoter
	PatpI (PEP Hypothetical)
	GGTCTCAGGAGTCTAGCTATATAAGAAATCCTTGATTAATAATAACATAATATACTTGAGACC
	63
	Kanamycin
	Hypothetical atpI promoter PEP (untested)
	(Miyagi et al., 1998)

	Promoter
	PclpP
	GGTCTCAGGAGAGACAATAAAAAAAATTGTTACGTTTCCACCTCAAAGTGAAATACTTGAGACC
	64
	Kanamycin
	clpP promoter NEP -53
	(Sriraman et al., 1998)







	Supplementary Table S1 continued

	Type
	Name
	Sequence
	bp
	Resistance
	Description
	Reference

	Promoter
	PclpP (PEP)
	GGTCTCAGGAGAAAGAGCTCGGACTTTATTCATTCTGTCTTTCTTTATGAATTTTTATAATCTATGGATAAAATAAATACGATAAAAACCAATATGAATATTATAAAGACAATAAAAAAAATTGTTACTACTTGAGACC
	139
	Kanamycin
	clpP promoter PEP -117
	(Sriraman et al., 1998)

	Promoter
	IEE
	GGTCTCAGGAGTAGGATCGTTTATTTACAACGGAATGGTATACAAAGTCAACAGATCTCAATACTTGAGACC
	72
	Kanamycin
	Intercistronic expression element for functional cleavage to monocistronic mRNA 
	(Zhou et al., 2007)

	Promoter
	Prrn (-64 to +17)
	GGTCTCAGGAGATGAGAATGGATAAGAGGCTCGTGGGATTGACGTGAGGGGGCAGGGATGGCTATATTTCTGGGAGCGAACTCCGGGCGAATTACTTGAGACC
	103
	Kanamycin
	rrn promoter -64 to +17 (fully functional)
	(Suzuki et al., 2003)

	Promoter
	mPrrn (5-fold decrease transcription)
	GGTCTCAGGAGATTGACGTGAGGGGGCAGGGATGGCTATATTTCTGGGAGCGAACTCCGGGCGAATTACTTGAGACC
	77
	Kanamycin
	rrn promoter, 5-fold decrease in transcription from native
	(Suzuki et al., 2003)

	Promoter
	PpsbA
	GGTCTCAGGAGGATCTACATACACCTTGGTTGACACGAGTATATAAGTCATGTTATACTGTTGTACTTGAGACC
	74
	Kanamycin
	psbA promoter upstream of transcription start
	(Staub and Maliga, 1994)

	Promoter
	PpsbA (-42 to +9)
	GGTCTCAGGAGAATAAAAAGCCTTCCATTTTCTATTTTGATTTGTAGAAAACTAGTGTGCTTGGGAGTCCCTGATGATTAAATAAACCAAGATTTTACCTACTTGAGACC
	110
	Kanamycin
	psbA promoter -42 to +9, functional promoter core when fused to RBS leader
	(Hayashi et al., 2003)

	Promoter
	PpsbB
	GGTCTCAGGAGGAAAATGGGATCAACTCCCCCATTGCGTATTGGTACTTATCGAGTATAGAATAAATCTTACTTGAGACC
	80
	Kanamycin
	psbB promoter 
	(Tanaka et al., 1987)

	Promoter
	PpsbD-leader
	GGTCTCAGGAGCGAAAGGTTAGAAATCAACAAAAGAAAAAGTAAGTGGACCTGACCTATTGAATCATGACTATATCCGCTATTCTGATATTAAAATTCGATAGAGATGAAATTGGAGCTCTAGAGAATTCAGTTGTAGGGAGGGATCCTACTTGAGACC
	159
	Kanamycin
	Full psbD promoter with synthetic leader
	(Allison and Maliga, 1995)

	Promoter
	PpsbD-PGTbx
	GGTCTCAGGAGGAAAAAGTAAGTGGACCTGACCTATTGAATCATGACTATATCCGCTATTCTGATATTAAAATTCGATAGAGATGAAATTGGAGCTCTAGAGAATTCAGTTGTAGGGAGGGATCCTACTTGAGACC
	136
	Kanamycin
	psbD promoter, 5-fold decrease in transcription from native
	(Allison and Maliga, 1995)

	Promoter
	PpsbD
	GGTCTCAGGAGCGAAAGGTTAGAAATCAACAAAAGAAAAAGTAAGTGGACCTGACCTATTGAATCATGACTATATCCGCTATTCTGATATTAAAATTCGATAGAGATGAAATTGGAGCTACTTGAGACC
	129
	Kanamycin
	Native psbD promoter upstream of transcription start
	(Allison and Maliga, 1995)

	Promoter
	PrbcL
	GGTCTCAGGAGGGGGGAAGTTCTTATTATTTAGGTTAGTCAGGTATTTCCATTTCAAAAAAAAAAAAAGTAAAAAAGAAAAATTGGGTTGCGCTATATATATGAAAGAGTATACAATAATGTACTTGAGACC
	132
	Kanamycin
	Native rbcL promoter upstream of transcription start
	(Shiina et al., 1998)

	Promoter
	PrbcL (core -3 to +9)
	GGTCTCAGGAGTTGCGCTATATATATGAAAGAGTATACAATAATGATGTATTTGTACTTGAGACC
	65
	Kanamycin
	Core rbcL promoter, fully functional when fused to RBS
	(Shiina et al., 1998)

	Promoter
	PrbcL (-110 to +9)
	GGTCTCAGGAGGGGGGAAGTTCTTATTATTTAGGTTAGTCAGGTATTTCCATTTCAAAAAAAAAAAAAGTAAAAAAGAAAAATTGGGTTGCGCTATATATATGAAAGAGTATACAATAATGATGTATTTGTACTTGAGACC
	141
	Kanamycin
	rbcL promoter -110 to +9, fully functional when fused to RBS
	(Shiina et al., 1998)

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	Promoter
	PrpoB
	GGTCTCAGGAGGGTTGGAATGTGTATTATCATAATAATTACTTGAGACC
	49
	Kanamycin
	rpoB promoter NEP -345
	(Liere and Maliga, 1999)

	Promoter
	Prrn16
	GGTCTCAGGAGATGAGAATGGATAAGAGGCTCGTGGGATTGACGTGAGGGGGCAGGGATGGCTATATTTCTGGGATACTTGAGACC
	86
	Kanamycin
	Native rrn16 promoter upstream of transcription start
	(Allison et al., 1996)

	Promoter
	Prrn (Nicotiana tabacum)
	GGTCTCAGGAGGCTCCCCCGCCGTCGTTCAATGAGAATGGATAAGAGGCTCGTGGGATTGACGTGAGGGGGCAGGGATGGCTATATTTCTGGGAGCGAACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGATTTTACTTGAGACC
	157
	Kanamycin
	rrn promoter from Nicotiana tabacum
	(Suzuki et al., 2003)

	Promoter
	Prrn (Nicotiana tabacum) APrrn1
	GGTCTCAGGAGGCTCCCCCGCCGTCGTTCAATGAGAATGGATAAGAGGCTCGTGGGATTTACGTGAGGGGGCAGGGATGGCGTATCTTCTGGGAGCGAACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGATTTTACTTGAGACC
	157
	Kanamycin
	rrn promoter "-35(TTTACG), -10(GTATCT)" Nicotiana tabacum
	(Davis et al., 2011)

	Promoter
	Prrn (Nicotiana tabacum) APrrn2
	GGTCTCAGGAGGCTCCCCCGCCGTCGTTCAATGAGAATGGATAAGAGGCTCGTGGGAGCGGTGTGAGGGGGCAGGGATGGCTATAATTCTGGGAGCGAACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGATTTTACTTGAGACC
	157
	Kanamycin
	rrn promoter "-35(GCGGTG), -10(TATAAT)" Nicotiana tabacum
	(Davis et al., 2011)

	Promoter
	Prrn (Nicotiana tabacum) APrrn3
	GGTCTCAGGAGGCTCCCCCGCCGTCGTTCAATGAGAATGGATAAGAGGCTCGTGGGATTTACGTGAGGGGGCAGGGATGGCGAGGATTCTGGGAGCGAACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGATTTTACTTGAGACC
	157
	Kanamycin
	rrn promoter "-35(TTTACG), -10(GAGGAT)" Nicotiana tabacum
	(Davis et al., 2011)

	Promoter
	Prrn (Nicotiana tabacum) APrrn4
	GGTCTCAGGAGGCTCCCCCGCCGTCGTTCAATGAGAATGGATAAGAGGCTCGTGGGATTTACGTGAGGGGGCAGGGATGGCTAGGCTTCTGGGAGCGAACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGATTTTACTTGAGACC
	157
	Kanamycin
	rrn promoter "-35(TTTACG), -10(TAGGCT)" Nicotiana tabacum
	(Davis et al., 2011)

	Promoter
	Prrn (Nicotiana tabacum) APrrn5
	GGTCTCAGGAGGCTCCCCCGCCGTCGTTCAATGAGAATGGATAAGAGGCTCGTGGGATTTACGTGAGGGGGCAGGGATGGCGATGATTCTGGGAGCGAACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGATTTTACTTGAGACC
	157
	Kanamycin
	rrn promoter "-35(TTTACG), -10(GATGAT)" Nicotiana tabacum
	(Davis et al., 2011)

	Promoter
	Prrn (Nicotiana tabacum) APrrn6
	GGTCTCAGGAGGCTCCCCCGCCGTCGTTCAATGAGAATGGATAAGAGGCTCGTGGGATTTACGTGAGGGGGCAGGGATGGCTAGGATTCTGGGAGCGAACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGATTTTACTTGAGACC
	157
	Kanamycin
	rrn promoter "-35(TTTACG), -10(TAGGAT)" Nicotiana tabacum
	(Davis et al., 2011)

	Promoter
	Prrn (Nicotiana tabacum) APrrn7
	GGTCTCAGGAGGCTCCCCCGCCGTCGTTCAATGAGAATGGATAAGAGGCTCGTGGGATTTACGTGAGGGGGCAGGGATGGCTAATATTCTGGGAGCGAACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGATTTTACTTGAGACC
	157
	Kanamycin
	rrn promoter "-35(TTTACG), -10(TAATAT)" Nicotiana tabacum
	(Davis et al., 2011)

	Promoter
	Prrn (Nicotiana tabacum) APrrn8
	GGTCTCAGGAGGCTCCCCCGCCGTCGTTCAATGAGAATGGATAAGAGGCTCGTGGGATTTACGTGAGGGGGCAGGGATGGCTAAAATTCTGGGAGCGAACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGATTTTACTTGAGACC
	157
	Kanamycin
	rrn promoter "-35(TTTACG), -10(TAAAAT)" Nicotiana tabacum
	(Davis et al., 2011)

	Promoter
	Prrn (Nicotiana tabacum) APrrn9
	GGTCTCAGGAGGCTCCCCCGCCGTCGTTCAATGAGAATGGATAAGAGGCTCGTGGGATTTACGTGAGGGGGCAGGGATGGCTATGATTCTGGGAGCGAACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGATTTTACTTGAGACC
	157
	Kanamycin
	rrn promoter "-35(TTTACG), -10(TATGAT)" Nicotiana tabacum
	(Davis et al., 2011)

	Promoter
	Prrn (Nicotiana tabacum) APrrn10
	GGTCTCAGGAGGCTCCCCCGCCGTCGTTCAATGAGAATGGATAAGAGGCTCGTGGGATTTACGTGAGGGGGCAGGGATGGCTATAATTCTGGGAGCGAACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGATTTTACTTGAGACC
	157
	Kanamycin
	rrn promoter "-35(TTTACG), -10(TATAAT)" Nicotiana tabacum
	(Davis et al., 2011)

	Promoter
	Prrn (Nicotiana tabacum) BPrrn12
	GGTCTCAGGAGGCTCCCCCGCCGTCGTTCAATGAGAATGGATAAGAGGCTCGTGGGATTGTCGTGAGGGGGCAGGGATGGCTATATTTCTGGGAGCGAACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGATTTTACTTGAGACC
	157
	Kanamycin
	rrn promoter "-35(TTGTCG), -10(TATATT)"; A to T in -35 3rd pos. (weak destabilize) Nicotiana tabacum
	Designed in this work

	Promoter
	Prrn (Nicotiana tabacum) BPrrn13
	GGTCTCAGGAGGCTCCCCCGCCGTCGTTCAATGAGAATGGATAAGAGGCTCGTGGGATTGGAGTGAGGGGGCAGGGATGGCTATATTTCTGGGAGCGAACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGATTTTACTTGAGACC
	157
	Kanamycin
	rrn promoter "-35(TTGGAG), -10(TATATT)"; A to G in -35 3rd pos. (strong destabilize) Nicotiana tabacum
	Designed in this work

	Promoter
	Prrn (Nicotiana tabacum) BPrrn14
	GGTCTCAGGAGGCTCCCCCGCCGTCGTTCAATGAGAATGGATAAGAGGCTCGTGGGATTGAAATGAGGGGGCAGGGATGGCTATATTTCTGGGAGCGAACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGATTTTACTTGAGACC
	157
	Kanamycin
	rrn promoter "-35(TTGAAA), -10(TATATT)"; C to A in -35 2nd pos. (weak destabilize) Nicotiana tabacum
	Designed in this work

	Promoter
	Prrn (Nicotiana tabacum) BPrrn15
	GGTCTCAGGAGGCTCCCCCGCCGTCGTTCAATGAGAATGGATAAGAGGCTCGTGGGATTGATGTGAGGGGGCAGGGATGGCTATATTTCTGGGAGCGAACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGATTTTACTTGAGACC
	157
	Kanamycin
	rrn promoter "-35(TTGATG), -10(TATATT)"; C to T in -35 2nd pos. (strong destabilize) Nicotiana tabacum
	Designed in this work

	Promoter
	Prrn (Nicotiana tabacum) BPrrn16
	GGTCTCAGGAGGCTCCCCCGCCGTCGTTCAATGAGAATGGATAAGAGGCTCGTGGGATTGACGTGAGGGGGCAGGGATGGCTATTTTTCTGGGAGCGAACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGATTTTACTTGAGACC
	157
	Kanamycin
	rrn promoter "-35(TTGACG), -10(TATTTT)"; A to T in -10 3rd pos. (weak destabilize) Nicotiana tabacum
	Designed in this work

	Promoter
	Prrn (Nicotiana tabacum) BPrrn17
	GGTCTCAGGAGGCTCCCCCGCCGTCGTTCAATGAGAATGGATAAGAGGCTCGTGGGATTGACGTGAGGGGGCAGGGATGGCTATGTTTCTGGGAGCGAACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGATTTTACTTGAGACC
	157
	Kanamycin
	rrn promoter "-35(TTGACG), -10(TATGTT)"; A to G in -10 3rd  pos. (strong destabilize) Nicotiana tabacum
	Designed in this work

	Promoter
	Prrn (Nicotiana tabacum) BPrrn18
	GGTCTCAGGAGGCTCCCCCGCCGTCGTTCAATGAGAATGGATAAGAGGCTCGTGGGATTGACGTGAGGGGGCAGGGATGGCTATAGTTCTGGGAGCGAACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGATTTTACTTGAGACC
	157
	Kanamycin
	rrn promoter "-35(TTGACG), -10(TATAGT)"; T to G in -10 2nd pos. (weak destabilize) Nicotiana tabacum
	Designed in this work

	Promoter
	Prrn (Nicotiana tabacum) BPrrn19
	GGTCTCAGGAGGCTCCCCCGCCGTCGTTCAATGAGAATGGATAAGAGGCTCGTGGGATTGACGTGAGGGGGCAGGGATGGCTATACTTCTGGGAGCGAACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGATTTTACTTGAGACC
	157
	Kanamycin
	rrn promoter "-35(TTGACG), -10(TATACT)"; T to C in -10 2nd pos.  (strong destabilize) Nicotiana tabacum
	Designed in this work

	Promoter
	Prrn (Nicotiana tabacum) BPrrn20
	GGTCTCAGGAGGCTCCCCCGCCGTCGTTCAATGAGAATGGATAAGAGGCTCGTGGGATTGACGTGAGGGGGCAGGGATGGCTATTGTTCTGGGAGCGAACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGATTTTACTTGAGACC
	157
	Kanamycin
	rrn promoter "-35(TTGACG), -10(TATTGT)"; A to T in -10 3rd  pos.; T to G in -10 2nd pos. (double weak) Nicotiana tabacum
	Designed in this work

	Promoter
	Prrn (Nicotiana tabacum) BPrrn21
	GGTCTCAGGAGGCTCCCCCGCCGTCGTTCAATGAGAATGGATAAGAGGCTCGTGGGATTGACGTGAGGGGGCAGGGATGGCTATGCTTCTGGGAGCGAACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGATTTTACTTGAGACC
	157
	Kanamycin
	rrn promoter "-35(TTGACG), -10(TATGCT)"; A to G in -10 3rd  pos.; T to C in -10 2nd pos. (double strong) Nicotiana tabacum
	Designed in this work

	Promoter::5'UTR
	Zm PclpP::5’UTR
	GGTCTCAGGAGAAAGAGCTCGGATCCTCTATGTATTAATAGAATCTATAGTATTCTTATAGAATAAGAAAAAAAAAATGAAGATAATAAACTGCGGATTCTTTCTTTCTCTTCCATTCTTACGTTTCCATATTAAAGTGTAGTTTTTTTACTTAAATTTAATAATATTAATCTACCAATGTGAGACC
	187
	Kanamycin
	clpP promoter with 5’UTR, Zea mays
	(Zhang et al., 2012)

	Promoter::5'UTR
	Zm PclpP::Gg10 leader
	GGTCTCAGGAGAAAGAGCTCGGATCCTCTATGTATTAATAGAATCTATAGTATTCTTATAGAATAAGAAAAAAAAAATGAAGATAATAAACTGCGGATTCTTTCTTTCTCTTCCATTCTTACGTTTCCATATTAAAGTGTAGTTTTTTTACTTAAATTTAAAGAAGGAGATATACCCAATGTGAGACC
	188
	Kanamycin
	clpP promoter with G10 leader, Zea mays
	(Zhang et al., 2012)

	Promoter::5'UTR
	PaccD::5’UTR
	GGTCTCAGGAGAAAAGAGCTCCGACATAGGAGAAGCCGCCCTTTATTAAAAATTATATTATTTTAAATAATATAAAGGGGGTTCCAACATATTAATATATAGTGAAGTGTTCCCCCAGATTCAGAACTTTTTTTCAATACTCACAATCCTTATTAGTTAATAATCCTAGTGATTGGATTTCTATGCTTAGTCTGATAGGAAATAAGATATTCAAATAAATAATTTTATAGCGAATGACTATTCATCTATTGTATTTTCATGCAAATAGGGGGCAAGAAAACTCTATGAATGTGAGACC
	298
	Kanamycin
	accD promoter with 5’UTR
	(Zhang et al., 2012)

	Promoter::5'UTR
	mPrrn::RBS (3.9%)
	GGTCTCAGGAGTGAGGGGGCAGGGATGGCTATATTTCTGGGAGCGAACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGATTTAATGTGAGACC
	105
	Kanamycin
	rrn promoter with RBS 3.9%
	(Suzuki et al., 2003)

	Promoter::5'UTR
	mPrrn::RBS (20%)
	GGTCTCAGGAGTTGACGTGAGGGGGCAGGGATGGCAATATATCTGGGAGCGAACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGATTTAATGTGAGACC
	111
	Kanamycin
	rrn promoter with RBS 20%
	(Suzuki et al., 2003)

	Promoter::5'UTR
	mPrrn::RBS (46%)
	GGTCTCAGGAGGCTCCCCCGCCGTCGTTCAATGAGAATGGATAAGAGGCTCGTGGGATTGACGTGAGGGGGCAGGGATGGCAATATATCTGGGAGCGAACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGATTTAATGTGAGACC
	157
	Kanamycin
	rrn promoter with RBS 46%
	(Suzuki et al., 2003)

	Promoter::5'UTR
	mPrrn::RBS (60%)
	GGTCTCAGGAGGCTCCCCCGCCGTCGTTCAATGAGAATGGATAAGAGGCTCGTGGGATTGACGTGAGGGGGCAGGGATGGCATAATTTCTGGGAGCGAACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGATTTAATGTGAGACC
	157
	Kanamycin
	rrn promoter with RBS 60%
	(Suzuki et al., 2003)

	Promoter::5'UTR
	mPrrn::RBS (61%)
	GGTCTCAGGAGGCTCCCCCGCCGTCGTTCAATGAGAATGGATAAGAGGCTCGTGGGATTGACGTGAGGGGGCAGGGATGGCTATTAATCTGGGAGCGAACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGATTTAATGTGAGACC
	157
	Kanamycin
	rrn promoter with RBS 61%
	(Suzuki et al., 2003)

	Promoter::5'UTR
	Prrn::RBS
	GGTCTCAGGAGTAAGAGGCTCGTGGGATTGACGTGAGGGGGCAGGGATGGCTATATTTCTGGGAGCGAACTCCGGGCGAATATGAAGCGCATCGATACAAGTGAGTTGTAGGGAGGGAACCAATGTGAGACC
	132
	Kanamycin
	rrn promoter with RBS 
	(Daniell et al., 2005)

	5’ UTR
	atpB 5'UTR
	GGTCTCATACTCAAATGAAAGACTTTCTCAAGATTCTGATTCATCCACTTGAGATTTTAAAATTAAAATAGGTTGGGTGGGCTTGCAAATTCACTCAGTCTCAGTGAATAAGTAAACAATTGAATCGGTTCAATTGCATGGTGCCAACGAAATCGAGTGCTAATTCCCATTTTATTGAATTAACCGATCGACGTGCTAGCGGACATTTATTTTGAATTCGATAATTTTTGCAAAAACATTTCGACATATTTATTTATTTTATTATTAATGTGAGACC
	277
	Kanamycin
	Native atpB 5'UTR without start codon
	(Hirose and Sugiura, 2004)

	5’ UTR
	atpB 5'UTR +10 (functional)
	GGTCTCATACTCAAATGAAAGACTTTCTCAAGATTCTGATTCATCCACTTGAGATTTTAAAATTAAAATAGGTTGGGTGGGCTTGCAAATTCACTCAGTCTCAGTGAATAAGTAAACAATTGAATCGGTTCAATTGCATGGTGCCAACGAAATCGAGTGCTAATTCCCATTTTATTGAATTAACCGATCGACGTGCTAGCGGACATTTATTTTGAATTCGATAATTTTTGCAAAAACATTTCGACATATTTATTTATTTTATTATTATGAGAATCAAATGTGAGACC
	287
	Kanamycin
	atpB 5’UTR with +10 region required for translation
	(Hirose and Sugiura, 2004)

	5’ UTR
	atpB 5'UTR +10 processed -90 (functional)
	GGTCTCATACTGAATTAACCGATCGACGTGCTAGCGGACATTTATTTTGAATTCGATAATTTTTGCAAAAACATTTCGACATATTTATTTATTTTATTATTATGAGAATCAAATGTGAGACC
	122
	Kanamycin
	atpB 5’UTR +10 processed -90,  processed 5'UTR has more efficient translation
	(Yukawa et al., 2007)

	5’ UTR
	atpB 5'UTR TCR processed -90 (functional)
	GGTCTCATACTGAATTAACCGATCGACGTGCTAGCGGACATTTATTTTGAATTCGATAATTTTTGCAAAAACATTTCGACATATTTATTTATTTTATTATTATGAGAATCAATCCTACTACTTCTGGTTCTGGGGTTTCCACGAATGTGAGACC
	154
	Kanamycin
	atpB 5’UTR TCR processed -90, includes several AA past start codon (neomycin phosphotransferase II accumulated to 7% total soluble protein in leaf)
	(Kuroda and Maliga, 2001)

	5’ UTR
	atpH 5'UTR
	GGTCTCATACTGATATTGACTAGTGCTAGTTATATATGAAATGAACTAAAGATATATTTTACTACTCTAGGGGATTCTAATAGACTAGAAGTCCTTCCGGCCCCTTGTGACTGTGAATTGAATGAATAAACGGATGAAATCAAGAAATAATTCAACTAACAGTTCGAACCAAGAAATGGAAGAACGAAAGTCGTATGGGTTCACAAAGACTCTGTGGCTAAAAAGTAAAAAAGATATATCGAAGTAGTTCTGATGATTCAATAATCTTATTACTTCAATCCGAAGTTCTTAGTTACTTCGACTGGATGAGTCCTAGCGAGGGAATAATTAAGTCATAACTCATTGGTTGATTGTATCATTAACCATTTCTTTTTTTTGGTACGAGGAACTTATCAATGTGAGACC
	405
	Kanamycin
	5’UTR of atpH
	(Yukawa et al., 2007)

	5’ UTR
	atpH 5'UTR processed -45
	GGTCTCATACTATTGTATCATTAACCATTTCTTTTTTTTGGTACGAGGAACTTATCAATGTGAGACC
	67
	Kanamycin
	Processed 5’UTR of atpH, no difference in translation from full length
	(Yukawa et al., 2007)

	5’ UTR
	atpI 5'UTR
	GGTCTCATACTAGATAAATAACTTACTTCAGAAATCCCTTATGGAATCGCTTACTATTTCTGAATTTCAAAAAAGAGATAAAAATAGCTGGGGATATTATGTGATTTATTAGTATTCTAAATCTTAGTTGGTATTCAAAATATCCGATTCAAGTAGACAAAGAGATGGTTGAATCAAAAAATTTTGTTTAAAGTTCAATTTTTTCAGAGGGCAAGGCAATAATGTGAGACC
	231
	Kanamycin
	atpI 5'UTR, RBS and upstream elements required for translation
	(Baecker et al., 2009)

	5’ UTR
	psbN 5'UTR
	GGTCTCATACTCTATCATAGATCCATTGGGGTCTTGAAATTTTATAAATATGATAAGAAATGTGAGACC
	69
	Kanamycin
	5’UTR of psbN
	(Kuroda and Sugiura, 2014)

	5’ UTR
	psbN 5'UTR  processed -39
	GGTCTCATACTGATCCATTGGGGTCTTGAAATTTTATAAATATGATAAGAAATGTGAGACC
	61
	Kanamycin
	psbN 5’UTR processed -39, 5-fold higher translation efficiency than unprocessed
	(Kuroda and Sugiura, 2014)

	5’ UTR
	psbB 5'UTR
	GGTCTCATACTGCTTCTCTTTGTTCCTACGAACAGAATTGTTCCATTATTACCAACAGAATAGAACACCCTTGTTCGGAAATAATCGACTGAACAAGAGTGGTCCATAGGATAGTCATATTATAGTCTTTTCCAATGCAATAAAGTTACGTAGTGTCTATTTATCTTTGATATAAGGGGTATTTCCAATGTGAGACC
	197
	Kanamycin
	5’UTR of psbB
	(Yukawa et al., 2007)

	5’ UTR
	psbB 5'UTR processed -54
	GGTCTCATACTCAATGCAATAAAGTTACGTAGTGTCTATTTATCTTTGATATAAGGGGTATTTCCAATGTGAGACC
	76
	Kanamycin
	psbB 5’UTR processed -54, 2-fold higher translation efficiency than full length UTR
	(Yukawa et al., 2007)

	5’ UTR
	ndhD 5'UTR
	GGTCTCATACTTACGTTCGAGAAAACTCTACTTGAATCCATTTAATTTTTTTTACCGACAAACCTGTGCTCGAAAATCACAATATTTTGAGCACGGGTTTTTATGGTCCAAGTGTATCTTGTCTTTACTAATGTGAGACC
	140
	Kanamycin
	5’UTR of ndhD
	(Hirose and Sugiura, 1997)

	5’ UTR
	rps2 5'UTR
	GGTCTCATACTTTTTGAAAAAGAATAAAAAAAAAAGGGGGGGTGTGGAGAGAAAATGTGAGACC
	64
	Kanamycin
	5’UTR of rps2, SD in inhibitory region
	(Plader and Sugiura, 2003)

	5’ UTR
	rps2 5'UTR mAAGA
	GGTCTCATACTTTTTGAAAAAGAATAAAAAAAAAAGGGGGGGTGTAAGAAGAAAATGTGAGACC
	64
	Kanamycin
	5’UTR  mAAGA of rps2, several fold increase in translation efficiency over native
	(Plader and Sugiura, 2003)

	5’ UTR
	rps2 5'UTR mCCUC
	GGTCTCATACTTTTTGAAAAAGAATAAAAAAAAAAGGGGGGGTGTCCTCAGAAAATGTGAGACC
	64
	Kanamycin
	5’UTR mCCUC  of rps2, several fold increase in translation efficiency over native
	(Plader and Sugiura, 2003)

	5’ UTR
	rps2 5'UTR mAAGA (-20 to -10 deletion)
	GGTCTCATACTTTTTGAAAAAGAATAAAAAAAAGTAAGAAGAAAATGTGAGACC
	54
	Kanamycin
	rps2 5’UTR mAGGA -20 to -10 deletion, >20-fold increase in translation efficiency over native
	(Plader and Sugiura, 2003)

	5’ UTR
	rps2 5'UTR mCCUC (-20 to -10 deletion)
	GGTCTCATACTTTTTGAAAAAGAATAAAAAAAAGTCCTCAGAAAATGTGAGACC
	54
	Kanamycin
	rps2 5’UTR mCCUC -20 to -10 deletion, >20-fold increase in translation efficiency over native
	(Plader and Sugiura, 2003)

	5’ UTR
	psbH 5'UTR + start codon + 1AA
	GGTCTCATACTACAACGGAATGGTATACAAAGTCAACAGATCTCAATGAATACAATAGGATTTATGGCTAATGTGAGACC
	80
	Kanamycin
	psbH 5’UTR + start + 1 AA, start codon included in secondary structure formation
	(Hammani et al., 2012)

	5’ UTR
	psbA 5'UTR (SNM)
	GGTCTCATACTAATAAAAAGCCTTCCAATTGTAATTTTGATTTGTTACAATCTAGTGTGCTTGGGAGTCCCTGATGATTAAATAAACCAAGATTTTACCAATGTGAGACC
	110
	Kanamycin
	5’UTR (SNM) of psbA, 1.8-2.5-fold decrease in translation efficiency from native
	(Zou et al., 2003)

	5’ UTR
	psbA 5'UTR (SEM)
	GGTCTCATACTAATAAAAAGCCTTCCATCGTCTACTTTGATTTGTAGACGACTAGTGTGCTTGGGAGTCCCTGATGATTAAATAAACCAAGATTTTACCAATGTGAGACC
	110
	Kanamycin
	5’UTR (SEM) of psbA, 1.8-2.5-fold decrease in translation efficiency from native
	(Zou et al., 2003)

	5’ UTR
	psbA 5'UTR (delta SL)
	GGTCTCATACTAATAACTAGTGTGCTTGGGAGTCCCTGATGATTAAATAAACCAAGATTTTACCAATGTGAGACC
	75
	Kanamycin
	5’UTR (delta SL) of psbA, 21-fold decrease in mRNA levels and 1.8-2.5-fold decrease in translation efficiency from native
	(Zou et al., 2003)

	5’ UTR
	psbA 5'UTR (delta 5'SL)
	GGTCTCATACTCTAGTGTGCTTGGGAGTCCCTGATGATTAAATAAACCAAGATTTTACCAATGTGAGACC
	70
	Kanamycin
	5’UTR (delta 5’SL) of psbA, 6-fold decrease in translation efficiency from native
	(Zou et al., 2003)

	5’ UTR
	psbA-rbcL chimeric 5'UTR (R delta 5'SL)
	GGTCTCATACTATGTATTTGGCAAATCAAATACCATGCTAGTGTGCTTGGGAGTCCCTGATGATTAAATAAACCAAGATTTTACCAATGTGAGACC
	96
	Kanamycin
	Chimeric 5’UTR of psbA-rbcL (R delta5'SL), 1.5-fold decrease in translation efficiency from native, increased stability of mRNA in dark
	(Zou et al., 2003)

	5’ UTR
	psbA-rbcL chimeric 5'UTR (R'SLWT)
	GGTCTCATACTATGTATTTGGCAAATCAAATACCATGGTCTAATAATCAAACATTCTGATTAGTTGATAATCTAGTGTGCTTGGGAGTCCCTGATGATTAAATAAACCAAGATTTTACCAATGTGAGACC
	130
	Kanamycin
	Chimeric 5’UTR  of psbA-rbcL (R'SLWT), 1.5-fold decrease in translation efficiency from native, increased stability of mRNA in dark
	(Zou et al., 2003)

	5’ UTR
	rps14 5'UTR
	GGTCTCATACTTATTTTTAATGTGTGTATCTGCGATAATCTCATTTCTTTCGACGGAGAGGGGGTCCACCTTCTTCTATTTCTACATCTAGGATTCGACTTGTATCATGGATACTAATAGGAATTCAACCATTAATGTGAGACC
	144
	Kanamycin
	5’UTR of rps14
	(Hirose et al., 1998)

	5’ UTR
	rbcL 5'UTR (full)
	GGTCTCATACTATGTATTTGGCAAATCAAATACCATGGTCTAATAATCAAACATTCTGATTAGTTGATAATATTAGTATTAGTTGGAAATTTTGTGAAAGATTCCTGTGAAAAGTTTCATTAACACGGAATTCGTGTCGAGTAGACCTTGTTGTTGTGAGAATTCTTAATTCATGAGTTGTAGGGAGGGATTTAATGTGAGACC
	204
	Kanamycin
	Full length 5’UTR of rbcL
	(Yukawa et al., 2007)

	5’ UTR
	rbcL 5'UTR (processed)
	GGTCTCATACTGTCGAGTAGACCTTGTTGTTGTGAGAATTCTTAATTCATGAGTTGTAGGGAGGGATTTAATGTGAGACC
	80
	Kanamycin
	Processed 5’UTR of rbcL
	(Yukawa et al., 2007)

	5’ UTR
	rbcL 5'UTR + 14 AA
	GGTCTCATACTGTCGAGTAGACCTTGTTGTTGTGAGAATTCTTAATTCATGAGTTGTAGGGAGGGATTTATGTCACCACAAACAGAGACTAAAGCAAGTGTTGGATTCAAAAATGTGAGACC
	122
	Kanamycin
	5’UTR +14 AA of rbcL (neomycin phosphotransferase II accumulated to 11% total soluble protein in leaf)
	(Kuroda and Maliga, 2001)

	5’ UTR
	Synthetic RBS
	GGTCTCATACTCTCGAGAATTCAGTTGTAGGGAGGGATCCATGGAATGTGAGACC
	55
	Kanamycin
	Synthetic RBS
	(Kuroda and Maliga, 2001)

	5’ UTR
	T7G10 leader
	GGTCTCATACTGGGAGAGCACAACGGTTTCCCACTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATAATGTGAGACC
	85
	Kanamycin
	Leader from T7G10
	(Kuroda and Maliga, 2001)

	5’ UTR
	T7G10 leader + Ec DB
	GGTCTCATACTGGGAGAGCACAACGGTTTCCCACTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGGCAAGCATGACTGGTGGACAGAATGTGAGACC
	109
	Kanamycin
	Leader from T7G10 with Ec downstream box
	(Kuroda and Maliga, 2001)

	5’ UTR
	rrn16 5'UTR (native)
	GGTCTCATACTGCGAACTCCGGGCGAATACGAAGCGCATGGATACAAGTTATGCCTTGGAATGAAAGACAATTCCGAATCCGCTTTGTCTACGAACAAGGAAGCTATAAGTAATGCAACTATGAAAATGTGAGACC
	136
	Kanamycin
	Native 5'UTR of rrn16
	(Allison et al., 1996)

	5’ UTR
	rrn16 5'UTR (+37)
	GGTCTCATACTGCGAACTCCGGGCGAATACGAAGCGCATGGATACAAGAATGTGAGACC
	59
	Kanamycin
	5'UTR (+37) of rrn16
	(Allison et al., 1996)

	5’ UTR
	psbA 5'UTR
	GGTCTCATACTAATAAAAAGCCTTCCATTTTCTATTTTGATTTGTAGAAAACTAGTGTGCTTGGGAGTCCCTGATGATTAAATAAACCAAGATTTTACCAATGTGAGACC
	110
	Kanamycin
	5'UTR of psbA
	(Staub and Maliga, 1994)

	5’ UTR
	Synthetic RBS
	GGTCTCATACTAAATTCGATAGAGATGAAATTGGAGCTCTAGAGAATTCAGTTGTAGGGAGGGATCCAATGTGAGACC
	78
	Kanamycin
	Synthetic RBS
	(Allison and Maliga, 1995)

	5’ UTR
	psbC 5'UTR
	GGTCTCATACTGTTATTTGTACCAGTAACCGGTTTATGGATGAGTGCTCTTGGAGTAGTCGGTCTAGCCCTGAACCTACGTGCCTATGACTTCGTTTCTCAGGAAATTCGCGCAGCGGAAGATCCTGAATTTGAGACTTTCTACACCAAAAATATTCTCTTAAACGAAGGTATTCGCGCTTGGATGGCGGCTCAAGATCAGCCTCATGAAAACCTTATATTCCCTGAGGAGGTTCTACCACAATGTGAGACC
	252
	Kanamycin
	5’UTR of psbC, the native transcription start is GUG, but edited to AUG
	(Kuroda et al., 2007)

	5’ UTR
	accD 5'UTR
	GGTCTCATACTAAGTGTTCCCCCAGATTCAGAACTTTTTTTCAATACTCACAATCCTTATTAGTTAATAATCCTAGTGATTGGATTTCTATGCTTAGTCTGATAGGAAATAAGATATTCAAATAAATAATTTTATAGCGAATGACTATTCATCTATTGTATTTTCATGCAAATAGGGGGCAAGAAAACTCTAATGTGAGACC
	202
	Kanamycin
	5’UTR of accD, doubles protein accumulation in chromoplasts
	(Caroca et al., 2013)

	5’ UTR
	clpP 5'UTR
	GGTCTCATACTGTTTCCACCTCAAAGTGAAATATAGTATTTAGTTCTTTCTTTCATTTAAATGTGAGACC
	70
	Kanamycin
	5’UTR of clpP
	(Kuroda and Maliga, 2002)

	GOI
	mEmerald
	GGTCTCAAATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCTTGACCTACGGCGTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAAGGTCTATATCACCGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGACCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCAAGCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAGCTTTGAGACC
	739
	Kanamycin
	Gene encoding mEmerald fluorescent protein (including stop codon)
	(Cubitt et al., 1999)

	GOI
	pporRFP
	GGTCTCAAATGGCTCTTTCAAAGCAAAGTGGGGTCAAAGATGTAATGAACACCGAGCTTCATATGGACGGGATCGTCAATGGACACCCCTTTGAGATAAAAGGAAAAGGAAAGGGAAACCCGTACAAGGGTGTGCAGACCATGAAGCTTACAGTCATTAAGGGTGCGCCTTTGCCATTTTCTATTGACATTTTGCTGCCTCAACACATGTATGGAAGCAAGCCATTTATTAAGTATCCTGAGAGTATCCCAGACTACATCAAGTTGTCATTTCCCGAGGGAATCACATGGGAAAGGTCCATGACCTTTGAAGATGGTGCAGTGTGCACTGTCTCTAACGACTCCAGGCTCGATGGCGACTCTTTCATCTACGAAGTCAGGTTTCTTGGCGTGAACTTTCCCCGAGATGGACCTGTTATGCAGAAGAAAACGCGAGGCTGGGACCCGTCCACAGAGAGACTGTATGAGTGTGGTGGGTGGCAGAGAGGAGATGTCCACATGGCCTTGAAGTTGGAGAACGGTGGCCATTATACGTGCGACTTCAAAACTACTTACAAATCAAAGAAGGGCTTGAAGGTGCCACCGTATCACTTCGTTGACCACAAACTAGATTTACTGAGCCACAACACCGATGGTGCTACCTTTGAAGAGTTTGAACAACGAGAAATTGCACATGCACATCTTTCTAACTTACCGGTAGCCTAAGCTTTGAGACC
	715
	Kanamycin
	Gene encoding pporRFP fluorescent protein (including stop codon)
	(Alieva et al., 2008)

	GOI
	aadA
	GGTCTCAAATGGCAGAAGCGGTGATCGCCGAAGTATCGACTCAACTATCAGAGGTAGTTGGCGTCATCGAGCGCCATCTCGAACCGACGTTGCTGGCCGTACATTTGTACGGCTCCGCAGTGGATGGCGGCCTGAAGCCACACAGTGATATTGATTTGCTGGTTACGGTGACCGTAAGGCTTGATGAAACAACGCGGCGAGCTTTGATCAACGACCTTTTGGAAACTTCGGCTTCCCCTGGAGAGAGCGAGATTCTCCGCGCTGTAGAAGTCACCATTGTTGTGCACGACGACATCATTCCGTGGCGTTATCCAGCTAAGCGCGAACTGCAATTTGGAGAATGGCAGCGCAATGACATTCTTGCAGGTATCTTCGAGCCAGCCACGATCGACATTGATCTGGCTATCTTGCTGACAAAAGCAAGAGAACATAGCGTTGCCTTGGTAGGTCCAGCGGCGGAGGAACTCTTTGATCCGGTTCCTGAACAGGATCTATTTGAGGCGCTAAATGAAACCTTAACGCTATGGAACTCGCCGCCCGACTGGGCTGGCGATGAGCGAAATGTAGTGCTTACGTTGTCCCGCATTTGGTACAGCGCAGTAACCGGCAAAATCGCGCCGAAGGATGTCGCTGCCGACTGGGCAATGGAGCGCCTGCCGGCCCAGTATCAGCCCGTCATACTTGAAGCTAGACAGGCTTATCTTGGACAAGAAGAAGATCGCTTGGCCTCGCGCGCAGATCAGTTGGAAGAATTTGTCCACTACGTGAAAGGCGAGATCACCAAGGTAGTCGGCAAATAAGCTTTGAGACC
	811
	Kanamycin
	Gene encoding streptomycin 3''-adenylyltransferase (including stop codon)
	(Svab and Maliga, 1993)

	GOI
	aphA6
	GGTCTCAAATGGAATTGCCCAATATTATTCAACAATTTATCGGAAACAGCGTTTTAGAGCCAAATAAAATTGGTCAGTCGCCATCGGATGTTTATTCTTTTAATCGAAATAATGAAACTTTTTTTCTTAAGCGATCTAGCACTTTATATACAGAGACAACATACAGTGTCTCTCGTGAAGCGAAAATGTTGAGTTGGCTCTCTGAGAAATTAAAGGTGCCTGAACTCATCATGACTTTTCAGGATGAGCAGTTTGAATTCATGATCACTAAAGCGATCAATGCAAAACCAATTTCAGCGCTTTTTTTAACAGACCAAGAATTGCTTGCTATCTATAAGGAGGCACTCAATCTGTTAAATTCAATTGCTATTATTGATTGTCCATTTATTTCAAACATTGATCATCGGTTAAAAGAGTCAAAATTTTTTATTGATAACCAACTCCTTGACGATATAGATCAAGATGATTTTGACACTGAATTATGGGGAGATCATAAAACTTACCTAAGTCTATGGAATGAGTTAACCGAGACTCGTGTTGAAGAAAGATTGGTTTTTTCTCATGGCGATATCACGGATAGTAATATTTTTATAGATAAATTCAATGAAATTTATTTTTTAGATCTTGGTCGTGCTGGGTTAGCAGATGAATTTGTAGATATATCCTTTGTTGAACGTTGCCTAAGAGAGGATGCATCGGAGGAAACTGCGAAAATATTTTTAAAGCATTTAAAAAATGATAGACCTGACAAAAGGAATTATTTTTTAAAACTTGATGAATTGAATTGAGCTTTGAGACC
	799
	Kanamycin
	Gene encoding 3'-aminoglycoside phosphotransferase type VI (including stop codon)
	(Huang et al., 2002)

	GOI
	nptII
	GGTCTCAAATGGTTGAACAAGATGGATTGCACGCAGGTTCTCCGGCCGCTTGGGTGGAGAGGCTATTCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCTGATGCCGCCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGACCTGTCCGGTGCCCTGAATGAACTGCAGGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGCAGCTGTGCTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCCGGGGCAGGATCTCCTGTCATCTCACCTTGCTCCTGCCGAGAAAGTATCCATCATGGCTGATGCAATGCGGCGGCTGCATACGCTTGATCCGGCTACCTGCCCATTCGACCACCAAGCGAAACATCGCATCGAGCGAGCACGTACTCGGATGGAAGCCGGTCTTGTCGATCAGGATGATCTGGACGAAGAGCATCAGGGGCTCGCGCCAGCCGAACTGTTCGCCAGGCTCAAGGCGCGCATGCCCGACGGCGAGGATCTCGTCGTGACTCATGGCGATGCCTGCTTGCCGAATATCATGGTGGAAAATGGCCGCTTTTCTGGATTCATCGACTGTGGCCGGCTGGGTGTGGCGGACCGCTATCAGGACATAGCGTTGGCTACCCGTGATATTGCTGAAGAGCTTGGCGGCGAATGGGCTGACCGCTTCCTCGTGCTTTACGGTATCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTATCGCCTTCTTGACGAGTTCTTCTGAGCTTTGAGACC
	814
	Kanamycin
	Gene encoding neomycin phosphotransferase II (including stop codon)
	(Carrer et al., 1993)

	GOI
	Myc aadA-GFP Fusion
	GGTCTCAAATGGCAAGCATGACTGGTGGACAGGCTAGCGAACAAAAACTCATTTCTGAAGAGGACTTGCCTAGCGAAGCGGTGATCGCCGAAGTATCGACTCAACTATCAGAGGTAGTTGGCGTCATCGAGCGCCATCTCGAACCGACGTTGCTGGCCGTACATTTGTACGGCTCCGCAGTGGATGGCGGCCTGAAGCCACACAGTGATATTGATTTGCTGGTTACGGTGACCGTAAGGCTTGATGAAACAACGCGGCGAGCTTTGATCAACGACCTTTTGGAAACTTCGGCTTCCCCTGGAGAGAGCGAGATTCTCCGCGCTGTAGAAGTCACCATTGTTGTGCACGACGACATCATTCCGTGGCGTTATCCAGCTAAGCGCGAACTGCAATTTGGAGAATGGCAGCGCAATGACATTCTTGCAGGTATCTTCGAGCCAGCCACGATCGACATTGATCTGGCTATCTTGCTGACAAAAGCAAGAGAACATAGCGTTGCCTTGGTAGGTCCAGCGGCGGAGGAACTCTTTGATCCGGTTCCTGAACAGGATCTATTTGAGGCGCTAAATGAAACCTTAACGCTATGGAACTCGCCGCCCGACTGGGCTGGCGATGAGCGAAATGTAGTGCTTACGTTGTCCCGCATTTGGTACAGCGCAGTAACCGGCAAAATCGCGCCGAAGGATGTCGCTGCCGACTGGGCAATGGAGCGCCTGCCGGCCCAGTATCAGCCCGTCATACTTGAAGCTAGACAGGCTTATCTTGGACAAGAAGAAGATCGCTTGGCCTCGCGCGCAGATCAGTTGGAAGAATTTGTCCACTACGTGAAAGGCGAGATCACCAAGGTAGTGGGCAAAGAACTTGCAGTTGAAGGAAAATTGGAGGTCGCCATGGCTAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAACATACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCCTTGGCCAACACTTGTCACTACTTTCTCTTATGGTGTTCAATGCTTTTCAAGATACCCAGATCATATGAAGCGGCACGACTTCTTCAAGAGCGCCATGCCTGAGGGATACGTGCAGGAGAGGACCATCTCTTTCAAGGACGACGGGAACTACAAGACACGTGCTGAAGTCAAGTTTGAGGGAGACACCCTCGTCAACAGGATCGAGCTTAAGGGAATCGATTTCAAGGAGGACGGAAACATCCTCGGCCACAAGTTGGAATACAACTACAACTCCCACAACGTATACATCACGGCAGACAAACAAAAGAATGGAATCAAAGCTAACTTCAAAATTAGACACAACATTGAAGATGGAAGCGTTCAACTAGCAGACCATTATCAACAAAATACTCCAATTGGCGATGGCCCTGTCCTTTTACCAGACAACCATTACCTGTCCACACAATCTGCCCTTTCGAAAGATCCCAACGAAAAGAGAGATCACATGGTCCTTCTTGAGTTTGTAACAGCTGCTGGGATTACACATGGCATGGATGAACTATACAAATAAGCTTTGAGACC
	1621
	Kanamycin
	Gene encoding Myc-aadA-GFP fusion protein (including stop codon)
	(Lutz et al., 2007)

	GOI
	FLARE16-S aadA-GFP fusion
	GGTCTCAAATGGGGGCTAGCGAAGCGGTGATCGCCGAAGTATCGACTCAACTATCAGAGGTAGTTGGCGTCATCGAGCGCCATCTCGAACCGACGTTGCTGGCCGTACATTTGTACGGCTCCGCAGTGGATGGCGGCCTGAAGCCACACAGTGATATTGATTTGCTGGTTACGGTGACCGTAAGGCTTGATGAAACAACGCGGCGAGCTTTGATCAACGACCTTTTGGAAACTTCGGCTTCCCCTGGAGAGAGCGAGATTCTCCGCGCTGTAGAAGTCACCATTGTTGTGCACGACGACATCATTCCGTGGCGTTATCCAGCTAAGCGCGAACTGCAATTTGGAGAATGGCAGCGCAATGACATTCTTGCAGGTATCTTCGAGCCAGCCACGATCGACATTGATCTGGCTATCTTGCTGACAAAAGCAAGAGAACATAGCGTTGCCTTGGTAGGTCCAGCGGCGGAGGAACTCTTTGATCCGGTTCCTGAACAGGATCTATTTGAGGCGCTAAATGAAACCTTAACGCTATGGAACTCGCCGCCCGACTGGGCTGGCGATGAGCGAAATGTAGTGCTTACGTTGTCCCGCATTTGGTACAGCGCAGTAACCGGCAAAATCGCGCCGAAGGATGTCGCTGCCGACTGGGCAATGGAGCGCCTGCCGGCCCAGTATCAGCCCGTCATACTTGAAGCTAGACAGGCTTATCTTGGACAAGAAGAAGATCGCTTGGCCTCGCGCGCAGATCAGTTGGAAGAATTTGTCCACTACGTGAAAGGCGAGATCACCAAGGTAGTGGGCAAAGAACTTGTTGAAGGAAAATTGGAGCTAGTAGAAGGTCTTAAAGTCGCCATGGCTAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAACATACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCCTTGGCCAACACTTGTCACTACTTTCTCTTATGGTGTTCAATGCTTTTCAAGATACCCAGATCATATGAAGCGGCACGACTTCTTCAAGAGCGCCATGCCTGAGGGATACGTGCAGGAGAGGACCATCTCTTTCAAGGACGACGGGAACTACAAGACACGTGCTGAAGTCAAGTTTGAGGGAGACACCCTCGTCAACAGGATCGAGCTTAAGGGAATCGATTTCAAGGAGGACGGAAACATCCTCGGCCACAAGTTGGAATACAACTACAACTCCCACAACGTATACATCACGGCAGACAAACAAAAGAATGGAATCAAAGCTAACTTCAAAATTAGACACAACATTGAAGATGGAAGCGTTCAACTAGCAGACCATTATCAACAAAATACTCCAATTGGCGATGGCCCTGTCCTTTTACCAGACAACCATTACCTGTCCACACAATCTGCCCTTTCGAAAGATCCCAACGAAAAGAGAGATCACATGGTCCTTCTTGAGTTTGTAACAGCTGCTGGGATTACACATGGCATGGATGAACTATACAAATAAGCTTTGAGACC
	1582
	Kanamycin
	Gene encoding FLARE16S-aadA-GFP fusion protein (including stop codon)
	(Khan and Maliga, 1999)

	GOI
	aac6-aph2 
	GGTCTCAAATGGAAAATATTGTAGAAAATGAAATTTGTATTCGAACTTTAATTGATGATGATTTTCCTTTAATGTTAAAATGGTTAACTGATGAAAGAGTTTTAGAATTTTATGGAGGTAGAGATAAAAAATATACTTTAGAATCTTTAAAAAAACATTATACTGAACCTTGGGAAGATGAAGTATTTAGAGTAATTATTGAATATAATAATGTTCCTATTGGTTATGGACAAATTTATAAAATGTATGATGAATTATATACTGATTATCATTATCCTAAAACTGATGAAATTGTATATGGAATGGATCAATTTATTGGTGAACCTAATTATTGGTCTAAAGGTATTGGTACTCGATATATTAAATTAATTTTTGAATTTTTAAAAAAAGAACGAAATGCTAATGCTGTAATTTTAGATCCTCATAAAAATAATCCACGAGCTATTCGAGCTTATCAAAAATCTGGATTTAGAATTATTGAAGATTTACCTGAACATGAATTACATGAAGGAAAAAAAGAAGATTGTTATTTAATGGAATATAGATATGATGATAATGCTACTAATGTTAAAGCTATGAAATATTTAATTGAACATTATTTTGATAATTTTAAAGTAGATTCTATTGAAATTATTGGTTCTGGATATGATTCTGTTGCTTATTTAGTTAATAATGAATATATTTTTAAAACTAAATTTTCTACTAATAAAAAAAAAGGTTATGCTAAAGAAAAAGCTATTTATAATTTTTTAAATACTAATTTAGAAACTAATGTAAAAATTCCTAATATTGAATATTCTTATATTTCTGATGAATTATCTATTTTAGGATATAAAGAAATTAAAGGTACTTTTTTAACTCCTGAAATTTATTCTACTATGTCTGAAGAAGAACAAAATTTATTAAAACGAGATATTGCTTCTTTTTTAAGACAAATGCATGGTTTAGATTATACTGATATTTCTGAATGTACTATTGATAATAAACAAAATGTATTAGAAGAATATATTTTATTACGAGAAACTATTTATAATGATTTAACTGATATTGAAAAAGATTATATTGAATCTTTTATGGAAAGATTAAATGCTACTACTGTTTTTGAAGGTAAAAAATGTTTATGTCATAATGATTTTTCTTGTAATCATTTATTATTAGATGGAAATAATAGATTAACTGGAATTATTGATTTTGGTGATTCTGGAATTATTGATGAATATTGTGATTTTATTTATTTATTAGAAGATTCTGAAGAAGAAATTGGTACTAATTTTGGAGAAGATATTTTACGAATGTATGGAAATATTGATATTGAAAAAGCTAAAGAATATCAAGATATTGTAGAAGAATATTATCCTATTGAAACTATTGTATATGGAATTAAAAATATTAAACAAGAATTTATTGAAAATGGTCGAAAAGAAATTTATAAAAGAACTTATAAAGATTAAGCTTTGAGACC
	1462
	Kanamycin
	aminoglycoside resistance gene encoding for a bifunctional aminoglycoside acetyltransferase/phosphotransferase (including stop codon)
	(Tabatabaei et al., 2017)

	GOI
	Lux-C codon opt for tobacco chl stop
	GGTCTCAAATGATTAAAAAAATTCCTATGATTATTGGAGGAGTAGTACAAAATACTTCTGGATATGGAATGAGAGAATTAACTTTAAATAATAATAAAGTAAATATTCCTATTATTACTCAATCTGATGTAGAAGCTATTCAATCTTTAAATATTGAAAATAAATTAACTATTAATCAAATTGTAAATTTTTTATATACTGTAGGACAAAAATGGAAATCTGAAACTTATTCTAGAAGATTAACTTATATTAGAGATTTAATTAAATTTTTAGGATATTCTCAAGAAATGGCTAAATTAGAAGCTAATTGGATTTCTATGATTTTATGTTCTAAATCTGCTTTATATGATATTGTAGAAAATGATTTATCTTCTAGACATATTATTGATGAATGGATTCCTCAAGGAGAATGTTATGTAAAAGCTTTACCTAAAGGAAAATCTGTACATTTATTAGCTGGAAATGTACCTTTATCTGGAGTAACTTCTATTTTAAGAGCTATTTTAACTAAAAATGAATGTATTATTAAAACTTCTTCTGCTGATCCTTTTACTGCTACTGCTTTAGTAAATTCTTTTATTGATGTAGATGCTGAACATCCTATTACTAGATCTATTTCTGTAATGTATTGGTCCCATTCTGAAGATTTAGCTATTCCTAAACAAATTATGTCTTGTGCTGATGTAGTAATTGCTTGGGGAGGAGATGATGCTATTAAATGGGCTACTGAACATGCTCCTTCTCATGCTGATATTTTAAAATTTGGACCTAAAAAATCTATTTCTATTGTAGATAATCCTACTGATATTAAAGCTGCTGCTATTGGAGTAGCTCATGATATTTGTTTTTATGATCAACAAGCTTGTTTTTCTACTCAAGATATTTATTATATTGGAGATTCTATTGATATTTTTTTTGATGAATTAGCTCAACAATTAAATAAATATAAAGATATTTTACCTAAAGGAGAAAGAAATTTTGATGAAAAAGCTGCTTTTTCTTTAACTGAAAGAGAATGTTTATTTGCTAAATATAAAGTACAAAAAGGAGAATCTCAATCTTGGTTATTAACTCAATCTCCTGCTGGATCTTTTGGAAATCAACCTTTATCTAGATCTGCTTATATTCATCAAGTAAATGATATTTCTGAAGTAATTCCTTTTGTACATAAAGCTGTAACTCAAACTGTAGCTATTGCTCCTTGGGAATCTTCTTTTAAATATAGAGATATTTTAGCTGAACATGGAGCTGAAAGAATTATTGAAGCTGGAATGAATAATATTTTTAGAGTAGGAGGAGCTCATGATGGAATGAGGCCTTTACAAAGATTAGTAAATTATATTTCTCATGAAAGACCTTCTACTTATACTACTAAAGATGTATCTGTAAAAATTGAACAAACTAGATATTTAGAAGAAGATAAATTTTTAGTATTTGTACCTTAGGCTTTGAGACC
	1456
	Kanamycin
	Lux-C codon optimized for Nicotiana tabacum plastome (including stop codon)
	(Lee et al., 1991)

	GOI
	Lux-D codon opt for tobacco chl stop
	GGTCTCAAATGGAAAATACTCAACATTCTTTACCTATTGATCATGTAATTGATATTGGAGATAATAGATATATTAGAGTATGGGAAACTAAACCTAAAAATAAAGAAACTAAAAGAAATAATACTATTGTAATTGCTTCTGGATTTGCTAGAAGAATGGATCATTTTGCTGGATTAGCTGAATATTTAGCTAATAATGGATTTAGAGTAATTAGATATGATTCTTTAAATCATGTAGGATTATCTTCTGGAGAAATTAAACAATTTTCTATGTCTGTAGGAAAACATTCTTTATTAACTGTAATTGATTGGTTAAAAGAAAGAAATATTAATAATATTGGATTAATTGCTTCTTCTTTATCTGCTAGAATTGCTTATGAAGTAGCTGCTGAAATTGATTTATCTTTTTTAATTACTGCTGTAGGAGTAGTAAATTTAAGATCTACTTTAGAAAAAGCTTTAAAATATGATTATTTACAAATGGAAGTAAATACTATTCCTGAAGATTTAATTTTTGAAGGACATAATTTAGGATCTAAAGTATTTGTAACTGATTGTTTTGAAAATAATTGGGATTCTTTAGATTCTACTATTAATAAAATTTGTGAATTAGATATTCCTTTTATTGCTTTTACTTCTGATGGAGATGATTGGGTATGTCAACATGAAGTAAAACATTTAGTATCTAATGTAAAATCTGATAAAAAAAAAATTTATTCTTTAGTAGGATCTTCTCATGATTTAGGAGAAAATTTAGTAGTATTAAGAAATTTTTATCAATCTATGACTAAAGCTGCTGTATCTTTAGATAGACAATTAGTAGAATTAGTAGATGAAATTATTGAACCTAATTTTGAAGATTTAACTGTAATTACTGTAAATGAAAGAAGATTAAAAAATAAAATTGAAAATGAAATTATTAATAGATTAGCTGATAGAGTATTAGCTTCTGTATAAGCTTTGAGACC
	967
	Kanamycin
	Lux-D codon optimized for Nicotiana tabacum plastome (including stop codon)
	(Lee et al., 1991)

	GOI
	Lux-A codon opt for tobacco chl stop
	GGTCTCAAATGAAAATTTCTAATATTTGTTTTTCTTATCAACCTCCTGGAGAATCTCATCAAGAAGTAATGGAAAGATTTATTAGATTAGGAGTAGCTTCTGAAGAATTAAATTTTGATGGATTTTATACTTTAGAACATCATTTTACTGAATTTGGAATTACTGGAAATTTATATATTGCTTGTGCTAATATTTTAGGAAGAACTAAAAGAATTCAAGTAGGAACTATGGGAATTGTATTACCTACTGAACATCCTGCTAGACATGTAGAATCTTTATTAGTATTAGATCAATTATCTAAAGGAAGATTTAATTATGGAACTGTAAGAGGATTATATCATAAAGATTTTAGAGTATTTGGAACTTCTCAAGAAGATTCTAGAAAAACTGCTGAAAATTTTTATTCTATGATTTTAGATGCTTCTAAAACTGGAGTATTACATACTGATGGAGAAGTAGTAGAATTTCCTGATGTAAATGTATATCCTGAAGCTTATTCTAAAAAACAACCTACTTGTATGACTGCTGAATCTTCTGAAACTATTACTTATTTAGCTGAAAGAGGATTACCTATGGTATTATCTTGGATTATTCCTGTATCTGAAAAAGTATCTCAAATGGAATTATATAATGAAGTAGCTGCTGAACATGGACATGATATTAATAATATTGAACATATTTTAACTTTTATTTGTTCTGTAAATGAAGATGGAGAAAAAGCTGATTCTGTATGTAGAAATTTTTTAGAAAATTGGTATGATTCTTATAAAAATGCTACTAATATTTTTAATGATTCTAATCAAACTAGAGGATATGATTATTTAAAAGCTCAATGGAGAGAATGGGTAATGAAAGGATTAGCTGATCCTAGAAGAAGATTAGATTATTCTAATGAATTAAATCCTGTAGGAACTCCTGAAAGATGTATTGAAATTATTCAATCTAATATTGATGCTACTGGAATTAAACATATTACTGTAGGATTTGAAGCTAATGGATCTGAACAAGAAATTAGAGAATCTATGGAATTATTTATGGAAAAAGTAGCTCCTCATTTAAAAGATCCTCAATAAGCTTTGAGACC
	1084
	Kanamycin
	Lux-A codon optimized for Nicotiana tabacum plastome (including stop codon)
	(Lee et al., 1991)

	GOI
	Lux-B codon opt for tobacco chl stop
	GGTCTCAAATGAATTTTGGATTATTTTTTTTAAATTTTCAACCTGAAGGAATGACTTCTGAAATGGTATTAGATAATATGGTAGATACTGTAGCTTTAGTAGATAAAGATGATTATCATTTTAAAAGAGTATTAGTATCTGAACATCATTTTTCTAAAAATGGAATTATTGGAGAACCTTTAACTGCTATTTCTTTTTTATTAGGATTAACTAAAAGAATTGAAATTGGATCTTTAAATCAAGTAATTACTACTCATCATCCTGTAAGAATTGGAGAACAAACTGGATTATTAGATCAAATGTCTTATGGAAGATTTGTATTAGGATTATCTGATTGTGTAAATGATTTTGAAATGGATTTTTTTAAAAGAAAAAGATCTTCTCAACAACAACAATTTGAAGCTTGTTATGAAATTTTAAATGAAGCTTTAACTACTAATTATTGTCAAGCTGATGATGATTTTTTTAATTTTCCTAGAATTTCTGTAAATCCTCATTGTATTTCTGAAGTAAAACAATATATTTTAGCTTCTTCTATGGGAGTAGTAGAATGGGCTGCTAGAAAAGGATTACCTTTAACTTATAGATGGTCTGATTCTTTAGCTGAAAAAGAAAAATATTATCAAAGATATTTAGCTGTAGCTAAAGAAAATAATATTGATGTATCTAATATTGATCATCAATTTCCTTTATTAGTAAATATTAATGAAAATAGAAGAATTGCTAGAGATGAAGTAAGAGAATATATTCAATCTTATGTATCTGAAGCTTATCCTACTGATCCTAATATTGAATTAAGAGTAGAAGAATTAATTGAACAACATGCTGTAGGAAAAGTAGATGAATATTATGATTCTACTATGCATGCTGTAAAAGTAACTGGATCTAAAAATTTATTATTATCTTTTGAATCTATGAAAAATAAAGATGATGTAACTAAATTAATTAATATGTTTAATCAAAAAATTAAAGATAATTTAATTAAATAAGCTTTGAGACC
	1000
	Kanamycin
	Lux-B codon optimized for Nicotiana tabacum plastome (including stop codon)
	(Lee et al., 1991)

	GOI
	Lux-E codon opt for tobacco chl stop
	GGTCTCAAATGTCTACTTTATTAAATATTGATGCTACTGAAATTAAAGTATCTACTGAAATTGATGATATTATTTTTACTTCTTCTCCTTTAACTTTATTATTTGAAGATCAAGAAAAAATTCAAAAAGAATTAATTTTAGAATCTTTTCATTATCATTATAATCATAATAAAGATTATAAATATTATTGTAATATTCAAGGAGTAGATGAAAATATTCAATCTATTGATGATATTCCTGTATTTCCTACTTCTATGTTTAAATATTCTAGATTACATACTGCTGATGAATCTAATATTGAAAATTGGTTTACTTCTTCTGGAACTAAAGGAGTAAAATCTCATATTGCTAGAGATAGACAATCTATTGAAAGATTATTAGGATCTGTAAATTATGGAATGAAATATTTAGGAGAATTTCATGAACATCAATTAGAATTAGTAAATATGGGACCTGATAGATTTTCTGCTTCTAATGTATGGTTTAAATATGTAATGTCTTTAGTACAATTATTATATCCTACTACTTTTACTGTAGAAAATGATGAAATTGATTTTGAACAAACTATTTTAGCTTTAAAAGCTATTCAAAGAAAAGGAAAAGGAATTTGTTTAATTGGACCTCCTTATTTTATTTATTTATTATGTCATTATATGAAAGAACATAATATTGAATTTAATGCTGGAGCTCATATGTTTATTATTACTGGAGGAGGATGGAAAACTAAACAAAAAGAAGCTTTAAATAGACAAGATTTTAATCAATTATTAATGGAAACTTTTTCTTTATTTCATGAATCTCAAATTAGAGATATTTTTAATCAAGTAGAATTAAATACTTGTTTTTTTGAAGATTCTTTACAAAGAAAACATGTACCTCCTTGGGTATATGCTAGAGCTTTAGATCCTGTAACTTTAACTCCTGTAGAAGATGGACAAGAAGGATTAATGTCTTATATGGATGCTTCTTCTACTTCTTATCCTACTTTTATTGTAACTGATGATATTGGAATTGTAAGACATTTAAAAGAACCTGATCCTTTTCAAGGAACTACTGTAGAAATTGTAAGAAGATTAAATACTAGAGAACAAAAAGGATGTTCTTTATCTATGGCTACTTCTTTAAAATAAGCTTTGAGACC
	1141
	Kanamycin
	Lux-E codon optimized for Nicotiana tabacum plastome (including stop codon)
	(Lee et al., 1991)

	GOI
	Lux-G codon opt for tobacco chl stop
	GGTCTCAAATGATTTTTAATTGTAAAGTAAAAAAAGTAGAAGCTTCTGATTCTCATATTTATAAAGTATTTATTAAACCTGATAAATGTTTTGATTTTAAAGCTGGACAATATGTAATTGTATATTTAAATGGAAAAAATTTACCTTTTTCTATTGCTAATTGTCCTACTTGTAATGAATTATTAGAATTACATGTAGGAGGATCTGTAAAAGAATCTGCTATTGAAGCTATTTCTCATTTTATTAATGCTTTTATTTATCAAAAAGAATTTACTATTGATGCTCCTCATGGAGATGCTTGGTTAAGAGATGAATCTCAATCTCCTTTATTATTAATTGCTGGAGGAACTGGATTATCTTATATTAATTCTATTTTATCTTGTTGTATTTCTAAACAATTATCTCAACCTATTTATTTATATTGGGGAGTAAATAATTGTAATTTATTATATGCTGATCAACAATTAAAAACTTTAGCTGCTCAATATAGAAATATTAATTATATTCCTGTAGTAGAAAATTTAAATACTGATTGGCAAGGAAAAATTGGAAATGTAATTGATGCTGTAATTGAAGATTTTTCTGATTTATCTGATTTTGATATTTATGTATGTGGACCTTTTGGAATGTCTAGAACTGCTAAAGATATTTTAATTTCTCAAAAAAAAGCTAATATTGGAAAAATGTATTCTGATGCTTTTTCTTATACTTAAGCTTTGAGACC
	724
	Kanamycin
	Lux-G codon optimized for Nicotiana tabacum plastome (including stop codon)
	(Lee et al., 1991)

	3’ UTR
	psbA 3'UTR
	GGTCTCAGCTTTCCTGGCCTAGTCTATAGGAGGTTTTGAAAAGAAAGGAGCAATAATCATTTTCTTGTTCTATCAAGAGGGTGCTATTGCTCCTTTCTTTTTTTCGCTTGAGACC
	115
	Kanamycin
	3'UTR of psbA
	(Eibl et al., 1999)

	3’ UTR
	rbcL 3'UTR
	GGTCTCAGCTTAAACAGTAGACATTAGCAGATAAATTAGCAGGAAATAAAGAAGGATAAGGAGAAAGAACTCAAGTAATTATCCTTCGTTCTCTTAATTGAATTGCAATTAAACTCGGCCCAATCTTTTACTAAAAGGATTGAGCCGAATACCGCTTGAGACC
	163
	Kanamycin
	3'UTR of rbcL
	(Eibl et al., 1999)

	3’ UTR
	petD 3'UTR
	GGTCTCAGCTTATTTTTAAATTGATTCAATTGTGAAATAACACGACATGTGTATCTAGGGAATAGTTTCTTCAAAGCGAATTCTCCCTAGATACATCTATTCAATTTAATTCTGAATTTATTTTGAATATATGATATATTAATATATTAATTGTGCTAAAGAGTTTCAATCTATTTTCACTAAGTAAGTCCAATAGATCGCTTGAGACC
	209
	Kanamycin
	3'UTR of petD
	(Tangphatsornruang et al., 2011)

	3’ UTR
	rpoA 3'UTR
	GGTCTCAGCTTATCTATTGGACTTACTTAGTGAAAATAGATTGAAACTCTTTAGCACAATTAATATATTAATATATCATATATTCAAAATAAATTCAGAATTAAATTGAATAGATGTATCTAGGGAGAATTCGCTTTGAAGAAACTATTCCCTAGATACACATGTCGTGTTATTTCACAATTGAATCAATTTAAAAATCGCTTGAGACC
	209
	Kanamycin
	3'UTR of rpoA
	(Tangphatsornruang et al., 2011)

	3’ UTR
	E.coli rrnB 3'UTR
	GGTCTCAGCTTGTAGAAACGCAAAAAGGCCATCCGTCAGGATGGCCTTCTGCTTAATTTGATGCCTGGCAGTTTATGGCGGGCGTCCTGCCCGCCACCCTCCGGGCCGTTGCTTCGCAACGTTCAAATCCGCTCCCGGCGGATTTGTCCTACTCAGGAGAGCGTTCACCGACAAACAACAGATAAAACGAAAGGCCCAGTCTTTCGACTGAGCCTTTCGTTTTATTTGATGCGCTTGAGACC
	242
	Kanamycin
	3'UTR of rrnB from E.coli
	(Tangphatsornruang et al., 2011)

	3’ UTR
	psaC 3'UTR
	GGTCTCAGCTTTGATACGTTCGAGAAAACTCTACTTGAATCCATTTAATTTTTTTTACCGACAAACCTGTGCTCGAAAATCACAATATTTTGAGCACGGGTTTTTATGCGCTTGAGACC
	119
	Kanamycin
	3'UTR of psaC
	(Hirose and Sugiura, 1997)

	3’ UTR
	TMV 3'UTR
	GGTCTCAGCTTATAATAAATAACGGATTGTGTCCGTAATCACACGTGGTGCGTACGATAACGCATAGTGTTTTTCCCTCCACTTAAATCGAAGGGTTGTGTCTTGGATCGCGCGGGTCAAATGTATATGGTTCATATACATCCGCAGGCACGTAATAAAGCGAGGGGTTCGAATCCCCCCGTTACCCCCGGTAGGGGCCCACGCTTGAGACC
	212
	Kanamycin
	3'UTR of tobacco mosaic virus (TMV)
	(Kawamura-Nagaya et al., 2014)

	3’ UTR
	TYMV 3'UTR
	GGTCTCAGCTTGTTCTCGATCTTTAAAATCGTTAGCTCGCCAGTTAGCGAGGTCTGTCCCCACACGACAGATAATCGGGTGCAACTCCCGCCCCTTTTCCGAGGGTCATCGGAACCCGCTTGAGACC
	127
	Kanamycin
	3’UTR of turnip yellow mosaic virus (TYMV)
	(Ma et al., 2015)

	3’ UTR
	BMV 3'UTR
	GGTCTCAGCTTGGTGCCTTTGAGAGTCTACTTTTGCTCTCTTCGGAAGAACCCTTAGGGGTTCGTGCATGGGCTTGCATAGCAAGTCTAGATGCGGGTACCGTACAGTGTTGAAAAACACTGTAAATCTCTAAAAGAAACCACGCTTGAGACC
	153
	Kanamycin
	3’UTR of brome mosaic virus (BMV)
	(Bujarski et al., 1985)

	3’ UTR
	ALMV 3'UTR
	GGTCTCAGCTTCGTTTTCTTGACATAAGTCAAATTGCCAACCTCCACTGGGTGGATTAAGGTTGAGGTATAGAATCCTATTCGCTCCTGATAGGAGAAATTCTATATTGCTTATATATGTGCTTATGCACATATATAAATGCTCATGCAAAACTGCATGAATGCCCCTAAGGGATGCCGCTTGAGACC
	188
	Kanamycin
	3’UTR of almpiwar virus (ALMV)
	(Trucco et al., 2014)

	Integration site
	Nt trnI/trnA
	GGGCCTTGTACACACCGCCCGTCACACTATGGGAGCTGGCCATGCCCGAAGTCGTTACCTTAACCGCAAGGAGGGGGATGCCGAAGGCAGGGCTAGTGACTGGAGTGAAGTCGTAACAAGGTAGCCGTACTGGAAGGTGCGGCTGGATCACCTCCTTTTCAGGGAGAGCTAATGCTTGTTGGGTATTTTGGTTTGACACTGCTTCACACCCCCAAAAAAAAGAAGGGAGCTACGTCTGAGTTAAACTTGGAGATGGAAGTCATCTTTCCTTTCTCGACGGTGAAGTAAGACCAAGCTCATGAGCTTATTATCCTAGGTCGGAACAAGTTGATAGGACCCCCTTTTTTACGTCCCCATGTTCCCCCCGTGTGGCGACATGGGGGCGAAAAAAGGAAAGAGAGGGATGGGGTTTCTCTCGCTTTTGGCATAGCGGGCCCCCAGTGGGAGGCTCGCACGACGGGCTATTAGCTCAGTGGTAGAGCGCGCCCCTGATAATTGCGTCGTTGTGCCTGGGCTGTGAGGGCTCTCAGCCACATGGATAGTTCAATGTGCTCATCGGCGCCTGACCCTGAGATGTGGATCATCCAAGGCACATTAGCATGGCGTACTCCTCCTGTTCGAACCGGGGTTTGAAACCAAACTCCTCCTCAGGAGGATAGATGGGGCGATTCGGGTGAGATCCAATGTAGATCCAACTTTCGATTCACTCGTGGGATCCGGGCGGTCCGGGGGGGACCACCACGGCTCCTCTCTTCTCGAGAATCCATACATCCCTTATCAGTGTATGGACAGCTATCTCTCGAGCACAGGTTTAGCAATGGGAAAATAAAATGGAGCACCTAACAACGCATCTTCACAGACCAAGAACTACGAGATCGCCCCTTTCATTCTGGGGTGACGGAGGGATCGTACCATTCGAGCCGTTTTTTTCTTGACTCGAAATGGGAGCAGGTTTGAAAAAGGATCTTAGAGTGTCTAGGGTTGGGCCAGGAGGCTCTCTTAACGCCTTCTTTTTTCTTCTCATCGGAGTTATTTCACAAAGACTTGCCAGGGTAAGGAAGAAGGGGGGAACAAGCACACTTGGAGAGCGCAGTACAACGGAGAGTTGTATGCTGCGTTCGGGAAGGATGAATCGCTCCCGAAAAGGAATCTATTGATTCTCTCCCAATTGGTTGGACCGTAGGTGCGATGATTTACTTCACGGGCGAGCTCTCTGGTTCAAGTCCAGGATGGCCCAGCTGCGAATTCGTTTAAACTGCCTTGTCTTCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCTTGACCTACGGCGTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAAGGTCTATATCACCGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGACCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCAAGCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAGAAGACAAGGGAGTTTAAACAAGCTTCTCCACTTGGCTCGGGGGGATATAGCTCAGTTGGTAGAGCTCCGCTCTTGCAATTGGGTCGTTGCGATTACGGGTTGGATGTCTAATTGTCCAGGCGGTAATGATAGTATCTTGTACCTGAACCGGTGGCTCACTTTTTCTAAGTAATGGGGAAGAGGACCGAAACGTGCCACTGAAAGACTCTACTGAGACAAAGATGGGCTGTCAAGAACGTAGAGGAGGTAGGATGGGCAGTTGGTCAGATCTAGTATGGATCGTACATGGACGGTAGTTGGAGTCGGCGGCTCTCCCAGGGTTCCCTCATCTGAGATCTCTGGGGAAGAGGATCAAGTTGGCCCTTGCGAACAGCTTGATGCACTATCTCCCTTCAACCCTTTGAGCGAAATGCGGCAAAAGAAAAGGAAGGAAAATCCATGGACCGACCCCATCATCTCCACCCCGTAGGAACTACGAGATCACCCCAAGGACGCCTTCGGCATCCAGGGGTCACGGACCGACCATAGAACCCTGTTCAATAAGTGGAACGCATTAGCTGTCCGCTCTCAGGTTGGGCAGTCAGGGTCGGAGAAGGGCAATGACTCATTCTTAGTTAGAATGGGATTCCAACTCAGCACCTTTTGAGTGAGATTTTGAGAAGAGTTGCTCTTTGGAGAGCACAGTACGATGAAAGTTGTAAGCTGTGTTCGGGGGGGAGTTATTGTCTATCGTTGGCCTCTATGGTAGAATCAGTCGGGGGACCTGAGAGGCGGTGGTTTACCCTGCGGCGGATGTCAGCGGTTCGAGTCCGCTTATCTCCAACTCGTGAACTTAGCCGATACAAAGCT
	2838
	Kanamycin
	Tobacco plastome integration site, trnI/trnA (Nicotiana tabacum)
	Designed in this work base on integration site used by (Daniell et al., 1998)

	Integration site
	Nt trnG/trnfM
	[bookmark: _GoBack]AGGAGAGAGAGGGATTCGAACCCTCGATAGTTCTTTGTTAAAACTATACCGGTTTTCAAGACCGGGGCTATCAACCGCTCAGCCATCTCTCCGAAAGACTATTTTTATTTTATTCCTCCGAATAGAACATGGCCATAGGGGTGGATACCCCCACTATCTGTACTATCTGTAAAAAGATCTCAGGTGCGAATCCACCGGTCGATCTATCTATCCGTATATAGATATATGATCTAGCATGCCCATTTGTGAAATAAAAAATAAAATTCCATTTCCCCCCACTCCATGTACGAATAAAGTGCGAAAGGGGGAGTAGTAATAAGTCATATAGAATCAATGGATTCATGATAAAGTAAAATCCCTCGATGACATATTTTATCACAATTAATATTTTTTGGCTGATAGAGGGATCAAATGGTATATAGTTCATTTGTTGGTAGCTTGGAGGATTAAAAGCATGACTCTTGCTTTCCAATTGGCTGTTTTTGCATTAATTGCTACTTCATTAATCTTATTGATTAGCGTACCCGTTGTATTTGCTTCTCCTGATGGCTGGTCAAGTAACAAAAATGTTGTATTTTCTGGTACATCCTTATGGATTGGATTAGTCTTTCTGGTGGGTATCCTTAATTCTCTCATCTCTTGAACCTATTCGTCGCAGACCCAAAACCAAAATGACCCCCCTAATTTTTCTCGGTTGTGAGACACATTAAATTGGAATCTAAGTCCCCAAAGAAAACGCAAATCAAATAAAGAAAACAAAAAAATTAGAGGGGGGTCAAACTTCTTGAATAAAAAGAATACAATTAAAAAAATAATTGGAATCGTTCCGAAGAGAATATGTGTCCCGGCACTGCACAAAAAAGATCCGGTTATATATCATATATGTGGGTACATATTGTGTATCAAGAACAAAAAAATGCGGATATGGTCGAATGGTAAAATTTCTCTTTGCCAAGGAGAAGATGCGGGTTCGATTCCCGCTATCCGCCCAAGATCCAAGATAAAGTAATTTTATTACTATTTATTTATTATTTAATTTCATAAATAGCATTAAATATATCCTTAAATTAAGGATTTGGTATAGTTGGCCGTGATAGTGTAGTGATTCTATCCCTCCCCTACGTTTTCTTTTTCCTTCCACCCCCAAAAAGCGAAAGGCGGGAATTAATTACTAGGAATTCGTTTAAACTGCCTTGTCTTCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCTTGACCTACGGCGTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAAGGTCTATATCACCGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGACCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCAAGCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAGAAGACAAGGGAGTTTAAACAAGCTTAACCCTAAAATAGTTTGGCAAAACAAGATGTTGCGGAGACAGGATTTGAACCCGTGACCTCAAGGTTATGAGCCTTGCGAGCTACCAAACTGCTCTACCCCGCGCCGAAGATAAGAACTGAAAACTAATAGATAAACAAGGATTAAATGCGCCCCTCCACCCTATCTGTACAAATAGAATAGCCCATTTATACAGAATGGTAAAGGGGCTTCTATGATCATCGACCATAGAAATAGAAATGAAGCGTTAATCCTTACCAACTTGATCTTGTTGCTCCTGGCAACAAACATGCATGAACCATTTCACGAAGTATGTGTCCGGATAGTCCAAAGTCTCGATAGTTAGCTCTCGGCCTTCCGGTCAAAAAACAACGTCGATGAAGGCGTGTAGGTGCACTATTCCGTGGTGGGGATTGTAACTTTCCATAAATTTCCCATTTGTCACTCAACGACGGAACCTTGCTTATTTCTTTCTTTGAGGATCGACGAATCGAATGATATTTCTGTTCCAATTTTTGCCTCTTCTTCTCCCTCTGAATCAAACTTTTCCTTGCCATAATGGTTGAGTTCCTATTAGTATCCATGATACAAGTCGAATCCTAGATGTAGAAATAGAAGAAGGTGGACCCCCTCTCCGTCGAAAGAAATGAGATTATCGCAGATACACACATTAAAAATATTAACCAAATTTGCCCGACGTAGAGGCAATCAAGAAAGCCGCATAAGTGAATATATAACCTACAGAAAAGTGAGCTAATCCAACCAATCTTGCTTGTACAATGGAAAGGGCCACTGGTTTATCTCTCCAGCGAATCAAATTGGCCAAAGGTGTGCGTTCATGAGCCCATGCTAAAGTTTCAATCAATTCCTGCCAATATCCACGCCAAGAAATTAAGAACATAAATCCAGTAGCCCAAACAAGATGTCCAAATAAGAACATCCATGCCCAAACCGATAAACTATTCATACCAAAAGGATTATATCCGTTGATAAGTTGTGAAGAGTTTAACCATAAATAATCCCTTAACCAGCCCATCAAATAAGTGGAAGATTCATTAAACTGTGAAACGTTACCCTGCCATAATGTGATGTGCTTCCAATGCCAATAAAAAGTAACCCATCCAATAGTATTTAACATCCAAAAAACTGCCAAATAAAACGCGTCCCATGCCGAAATATCACAAGTACCGCCTCGTCCTGGGCCATCGCACGGAAAACTATAACCGAAATCCTTTTTATCTGGCATTAACTTGGAACCACGTGCATCTAAAGCACCTTTTACTAAGATCAATGTAGTTGTATGTAAACCAAGAGCAATAGCATGATGAACCAAAAAGTCTCCAGGACCTATTGTTAAAAATAATGAATTACTATTTTCATTAACAGCATTTAACCAACCCGGCAACCAGATGCTTCGACCCGCATTGAATGCTGGACCACTCGTTGAAGATAAAAGTACATCGAACCCATATGAAGTTTTACCATGAGCGGATTGTATCCATTGAGCAAATATAGGTTCAATCAAGATTTGCTTCTCCGGAGTGCCAAAGGCAAGCATGACATCATTATGAACATAAAGTCCCAGGGTATGGAATCCCAGAAAGAGGCTGGCCCAACTTAAATGAGATATGATAGCTTCTTTATGCTCTAACATTCTTGCCAATACATTATCTTCATTTTGCTCCGGATTGTAATCTCTAATGAAAAATATAGCTCCATGAGCAAAAGCTCCTGTCATGATGAATCCTGCGATATATTGGTGGTGGGTATATAATGCAGCTTGAGTAGTAAAGTCTTGTGCTATGAATGCATAAGCAGGTAAAGAGTACATGTGTTGAGCTACCAAAGAAGTAATAACCCCTAAAGAAGCTAGAGCAAGGC
	3827
	Kanamycin
	Tobacco plastome integration site, trnG/trnfM (Nicotiana tabacum)
	Designed in this work base on integration site used by (Bock and Maliga, 1995)

	Integration site
	Nt trnV/3'rps12
	AATTCACCGCCGTATGGCTGACCGGCGATTACTAGCGATTCCGGCTTCATGCAGGCGAGTTGCAGCCTGCAATCCGAACTGAGGACGGGTTTTTGGGGTTAGCTCACCCTCGCGGGATCGCGACCCTTTGTCCCGGCCATTGTAGCACGTGTGTCGCCCAGGGCATAAGGGGCATGATGACTTGACGTCATCCTCACCTTCCTCCGGCTTATCACCGGCAGTCTGTTCAGGGTTCCAAACTCAACGATGGCAACTAAACACGAGGGTTGCGCTCGTTGCGGGACTTAACCCAACACCTTACGGCACGAGCTGACGACAGCCATGCACCACCTGTGTCCGCGTTCCCGAAGGCACCCCTCTCTTTCAAGAGGATTCGCGGCATGTCAAGCCCTGGTAAGGTTCTTCGCTTTGCATCGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAATTCCTTTGAGTTTCATTCTTGCGAACGTACTCCCCAGGCGGGATACTTAACGCGTTAGCTACAGCACTGCACGGGTCGATACGCACAGCGCCTAGTATCCATCGTTTACGGCTAGGACTACTGGGGTATCTAATCCCATTCGCTCCCCTAGCTTTCCTCTCTCAGTGTCAGTGTCGGCCCAGCAGAGTGCTTTCGCCGTTGGTGTTCTTTCCGATCTCTACGCATTTCACCGCTCCACCGGAAATTCCCTCTGCCCCTACCGTACTCCAGCTTGGTAGTTTCCACCGCCTGTCCAGGGTTGAGCCCTGGGATTTGACGGCGGACTTAAAAAGCCACCTACAGACGCTTTACGCCCAATCATTCCGGATAACGCTTGCATCCTCTGTATTACCGCGGCTGCTGGCACAGAGTTAGCCGATGCTTATTCCCCAGATACCGTCATTGCTTCTTCTCCGGGAAAAGAAGTTCACGACCCGTGGGCCTTCTACCTCCACGCGGCATTGCTCCGTCAGGCTTTCGCCCATTGCGGAAAATTCCCCACTGCTGCCTCCCGTAGGAGTCTGGGCCGTGTCTCAGTCCCAGTGTGGCTGATCATCCTCTCGGACCAGCTACTGATCATCGCCTTGGTAAGCTATTGCCTCACCAACTAGCTAATCAGACGCGAGCCCCTCCTCGGGCGGATTCCTCCTTTTGCTCCTCAGCCTACGGGGTATTAGCAGCCGTTTCCAGCTGTTGTTCCCCTCCCAAGGGCAGGTTCTTACGCGTTACTCACCCGTCCGCCACTGGAAACACCACTTCCCGTCCGACTTGCATGTGTTAAGCATGCCGCCAGCGTTCATCCTGAGCCAGGATCGAACTCTCCATGAGATTCATAGTTGCATTACTTATAGCTTCCTTGTTCGTAGACAAAGCGGATTCGGAATTGTCTTTCATTCCAAGGCATAACTTGTATCCATGCGCTTCATATTCGCCCGGAGTTCGCTCCCAGAAATATAGCCATCCCTGCCCCCTCACGTCAATCCCACGAGCCTCTTATCCATTCTCATTGAACGACGGCGGGGGAGCTTTCGAGGCCTCGAAATCCAACTAGAAAAACTCACATTGGGCTTAGGGATAATCAGGCTCGAACTGATGACTTCCACCACGTCAAGGTGACACTCTACCGCTGAGTTATATCCCTTCCCCGCCCCATCGAGAAATAGAACTGACTAATCCTAAGTCAAAGGGTCGAGAAACTCAACGCCACTATTCTTGAACAACTTGGAGCCGGGCCTTCTTTTCGCACTATTACGGATATGAAAATAATGGTCAAAATCGGATTCAATTGTCAAGAATTCGTTTAAACTGCCTTGTCTTCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCTTGACCTACGGCGTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAAGGTCTATATCACCGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGACCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCAAGCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAGAAGACAAGGGAGTTTAAACAAGCTTCTGCCCCTATCGGAAATAGGATTGACTACCGATTCCGAAGGAACTGGAGTTACATCTCTTTTCCATTCAAGAGTTCTTATGCGTTTCCACGCCCCTTTAAGACCCCGAAAAATGGACAAATTCCTTTTCTTAGGAACACATACAAGATTCGTCACTACAAAAAGGATAATGGTAACCCTACCATTAACTACTTCATTTATGAATTTCATAGTAATAGAAATACATGTCCTACCGAGACAGAATTTGGAACTTGCTATCCTCTTGCCTAGCAGGCAAAGATTTACCTCCGTGGAAAGGATGATTCATTCGGATCGACATGAGAGTCCAACTACATTGCCAGAATCCATGTTGTATATTTGAAAGAGGTTGACCTCCTTGCTTCTCTCATGGTACACTCCTCTTCCCGCCGAGCCCCTTTTCTCCTCGGTCCACAGAGACAAAATGTAGGACTGGTGCCAACAATTCATCAGACTCACTAAGTCGGGATCACTAACTAATACTAATCTAATATAATAGTCTAATATATCTAATATAATAGAAAATACTAATATAATAGAAAAGAACTGTCTTTTCTGTATACTTTCCCCGGTTCCGTTGCTACCGCGGGCTTTACGCAATCGATCGGATTAGATAGATATCCCTTCAACATAGGTCATCGAAAGGATCTCGGAGAGCCACCAAAGTACGAAAGCCAGGATCTTTCAGAAAACGGATTCCTATTCAAAGAGTGCATAACCGCATGGATAAGCTCACACTAACCCGTCAATTTGGGATCCAAATTCGAGATTTTCCTTGGGAGGTATCGGGAAGGATTTGGAATGGAATAATATCGATTCATACAGAAGAAAAGGTTCTCTATTGATTCAAACACTGTACCTAACCTATGGGATAGGGATCGAGGAAGGGGAAAAACCGAAGATTTCACATGGTACTTTTATCAATCTGATTTATTTCGTACCTTTCGTTCAATGAGAAAATGGGTCAAATTCTACAGGATCAAACCTATGGGACTTAAGGAATGATATAAAAAAAAGAGAGGGAAAATATTCATATTAAATAAATATGAAGTAGAAGAACCCAGATTCCAAATGAACAAATTCAAACTTGAAAAGGATCTTCCTTATTCTTGAAGAATGAGGGGCAAAGGGATTGATCAAGAAAGATC
	3726
	Kanamycin
	Tobacco plastome integration site, trnV/3'rps12 (Nicotiana tabacum)
	Designed in this work base on integration site used by (Staub and Maliga, 1992)

	Integration site
	Nt atpB/accD
	CACTATCTCGACCTTGAACTACCAGAGCGTTATAAATATTCGGCATCTTGCCCGGGGGAAAGGCTACATCTAGTACCGGACCGATGATTTGGACGACACGCCCCGGGTTTTTTTTTTCAAGCGTGGAAACCCCAGAACCAGAAGTAGTAGGATTGATTCTCATAATAATAAAATAAATAAATATGTCGAAATGTTTTTGCAAAAATTATCGAGTTCAAAATAAATGTCCGCTAGCACGTCGATCGGTTAATTCAATAAAATGGGAATTAGCACTCGATTTCGTTGGCACCATGCAATTGAACCGATTCAATTGTTTACTTATTCACTGAGACTGAGTGAATTTGCAAGCCCACCCAACCTATTTTAATTTTAAAATCTCAAGTGGATGAATCAGAATCTTGAGAAAGTCTTTCATTTGTCTATCATTATAGACAATCCCATCCATATTATCTATTCTATGGAGTTCGAACCTGAACTTTATTTTCTATTTCTATTACGATTCATTATTTGTATCTAATTGGCTCCTCTTCTTATTTATTTTTGATTTCAATTTCAGCATATCGATTTATGCCTAGCCTATTCTTTTCTTTGTGTTTTTCTTTCTTTTTTATACCTTTCATAGATTCATAGAGGAGTTCCGTATATTTTCACATCTAGGATTTACATATACAACATATACCACTGTCAAGGGGGAAGTTCTTATTATTTAGGTTAGTCAGGTATTTCCATTTCAAAAAAAAAAAAAGTAAAAAAGAAAAATTGGGTTGCGCTATATATATGAAAGAGTATACAATAATGATGTATTTGGCAAATCAAATACCATGGTCTAATAATCAAACATTCTGATTAGTTGATAATATTAGTATTAGTTGGAAATTTTGTGAAAGATTCCTGTGAAAAGTTTCATTAACACGGAGTTCGTGTCGAGTAGACCTTGTTGTTGTGAGAGTTCTTAATTCATGAGTTGTAGGGAGGGATTTGAATTCGTTTAAACTGCCTTGTCTTCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCTTGACCTACGGCGTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAAGGTCTATATCACCGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGACCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCAAGCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAGAAGACAAGGGAGTTTAAACAAGCTTAAACAGTAGACATTAGCAGATAAATTAGCAGGAAATAAAGAAGGATAAGGAGAAAGAACTCAAGTAATTATCCTTCGTTCTCTTAATTGAATTGCAATTAAACTCGGCCCAATCTTTTACTAAAAGGATTGAGCCGAATACAACAAAGATTCTATTGCATATATTTTGACTAAGTATATACTTACCTAGATATACAAGATTTGAAATACAAAATCTAGAAAACTAAATCAAAATCTAAGACTCAAATCTTTCTATTGTTGTCTTGGATCCACAATTAATCCTACGGATCCTTAGGATTGGTATATTCTTTTCTATCCTGTAGTTTGTAGTTTCCCTGAATCAAGCCAAGTATCACACCTCTTTCTACCCATCCTGTATATTGTCCCCTTTGTTCCGTGTTGAAATAGAACCTTAATTTATTACTTATTTTTTTATTAAATTTTAGATTTGTTAGTGATTAGATATTAGTATTAGACGAGATTTTACGAAACAATTATTTTTTTATTTCTTTATAGGAGAGGACAAATCTCTTTTTTCGATGCGAATTTGACACGACATAGGAGAAGCCGCCCTTTATTAAAAATTATATTATTTTAAATAATATAAAGGGGGTTCCAACATATTAATATATAGTGAAGTGTTCCCCCAGATTCAGAACTTTTTTTCAATACTCACAATCCTTATTAGTTAATAATCCTAGTGATTGGATTTCTATGCTTAGTCTGATAGGAAATAAGATATTCAAATAAATAATTTTATAGCGAATGACTATTCATCTATTGTATTTTCATGCAAATAGGGGGCAAGAAAACTCTATGGAAAGATGGTGGTTTAATTCGATGTTGTTTAAGAAGGAGTTCGAACGCAGGTGTGGGCTAAATAAATCAATGGGCAGTCTTGGTCCTATTGAAAATACCAATGAAGATCCAAATCGAAAAGTGAAAAACATTCATAGTTGGAGGAATCGTGACAATTCTAGTTGCAGTAATGTTGATTATTT
	2752
	Kanamycin
	Tobacco plastome integration site, atpB/accD (Nicotiana tabacum)
	(Lin et al., 2014)

	Integration site
	Zm trnI/trnA
	AAGTCTTCTTTCGTTTAGGGTGAAGTAAGACCAAGCTCATGAGCTTATTATCCTAGGTCGGAACAAATTAGTTGATAGTGATAGGATCCCCTTTTTGACGTCCCCATGTCCCCCCGTGTGGCGGCATGGGGATGTCAAAAGGAAAGGGATGGAGTTTTTCTCGCTTTTGGCGTAGCGGCCTCCCTTTGGGAGGCCGCGCGACGGGCTATTAGCTCAGTGGTAGAGCGCGCCCCTGATAATTCGTCGTTGTGCCTCGGCTGTGAGGGCTCTCAGCCACATGGATAGTTCAATGTGCTCATCAGCGCCTGACCCGAAGATGTGGATCATCCAAGGCACATTAGCATGGCGTACTCCTCCTGTTTGAATCGGAGTTTGAAACCAAACAAACTTCTCCTCAGGAGGATAGATGGGGCGATTCAGGTGAGATCCCATGTAGATCGAACTTTCTATTCACTCGTGGGATCCGGGCGGTCCGGGGGGGGGCCACCGGGGCTCCTCTCTTCTCGAGAATCCATACATCCCTTATCAGTGTATGGAGAGCTATCTCTCGAGCACAGGTTGAGGTTCGTCCTCAATGGGAAAATGGAGCACCTAACAACGCATCTTCACAGACCAAGAACTACGAGATCACCCCTTTCATTCTGGGGTGACGGAGGGATCGTACCATTCGAGCCTTTTTTTCATGCTTTTCCCGGCGGTCTGGAGAAAGCAGTAATCAATAGGACTTCCCTAATCCTCCCTTCCTGAAAGAAGAACGTGAAATTCTTTTTCCTTTCTGCAGGGACCAGGAGATTGGATCTAGCCATAAGAGGAATGCTTGGTATAAATAAGCCACTTCTTGGTCCTCGACCCCCTAAGTCACTACGAGCGCCCCCGATCAGTGCAATGGGATGTGGCTATTTATCTATCTCTTGACTCGAAATGGGAGCAGAGCAGGTTTGAAAAAGGATCTTAGAGTGTCTAGGGTTGGGCCAGGAGGATCTCTTAACCCCTTCTTTTTTCTGCCCATCGGAGTTATTTCCCAAGGACTTGCCGTGGTAAGGGGGAGAAGGGGGAAGAAGCACACTTGAAGAGCGCAGTACAACGGGGAGTTGTATGCTGCGTTCGGGAAGGATGGATCGCTCCCGAAAAGGAGTCTATTGATTCTCTCCCAATTGGTTGGATCGTAGGGGCGATGATTTACTTCACGGGCGAGCTCTCTGGTTCAAGTCCAGGATGGCCCAGCTGCGAATTCGTTTAAACTGCCTTGTCTTCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCTTGACCTACGGCGTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAAGGTCTATATCACCGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGACCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCAAGCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAGAAGACAAGGGAGTTTAAACAAGCTTCTCCACTTGGCTCGGGGGGGATATAGCTCAGTTGGTAGAGCTCCGCTCTTGCAATTGGGTCGTTGCGATTACGGGTTGGCTGTCTAATTGTCCAGGCGGTAATGATAGTATCTTGTACCTGAACCGGTGGCTCACTTTTTCTAAGTAATGGGGAAGAGGACTGAAACATGCCACTGAAAGACTCTACTGAGACAAAAAGATGGGCTGTCAAAAAGGTAGAGGAGGTAGGATGGGCAGTTGGTCAGATCTAGTATGGATCGTACATGGACGATAGTTGGAGTCGGCGGCTCTCCTAGGCTTCCCTCATCTGGGATCCCTGGGGAAGAGGATCAAGTTGGCCCTTGCGAATAGCTTGATGCACTATCTCCCTTCAACCCTTTGAGCGAAATGTGGCAAAAGGAAGGAAAATCCATGGACCGACCCCATTGTCTCCACCCCGTAGGAACTACGAGATCACCCCAAGGACGCCTTCGGTGGGTCTATCGGACCGACCATAGATCCTGTTCAATAAGTGGAACACAATAGCCGTCCGCTCTCCGGTTGGGCAGTAAGGGTCGGAGAAGGGCAATCACTCGTTCTTAAAACCAGCATTCTTAAGTTAAGATCAAAGAGTCGGGCGGAAAAAGGGGAGAGCTCCCCGTTCCTGGTTCTCCTGTAGCTGGATTCCCCGGAACCACAAGAATCCTTAGAATGGGATTCCAACTCAGCACCTTTTGTTTTGGGATTTTGAGAAGAGTTGCTCTTTGGAGAGCACAGTACGATGAAAGTTGTAAGCTGTGTTCGGGGGGGAGTTATTGCCTATCGTTGTCCTCTATGGTAGAACCCGTCGGGGAGGCCTGAGAGGCGGTGGTTTACCCTGTGGCGGATGTCAGCGGTTCGAGTCCGCTTATCTCCAGCCCGTGAACTTAGCGGATACTATGATAGCACCGAAGGTTGCCAATTCGTCAGTTCGATCTATGATTTCGCATTCATGGACGTTGATAAGATCCTTCCATTTAGTAGCACCTTAGGATGGCATAGCCTTAACGTTAATGGCGAGGTTCAAAAGAGGAAAGGCTTGCGGTGGATACCTAGGCACCCAGAGGCGAGGAAGAGGCGTAGCAAGCGACGAAATGCTTCGGGGAGTTGAAAATAAGCATAGATCCGGAGATTCCCAAATAGGTCAACCTTTTGAACTGCCTGCCGAATCCATGAGCAGGCAAGAGACAACCTGGCGAACTGAAACATCTTAGTAGCCAGAGGAAAAGAAAGCAAAAGCGATTCCCGTAGTAGCGGCGAGCGAAATGGGAGCAGCCTAAACCGTGAAAACGGGGTTGTGGGTGAGCAATACAAGCGTTGTGCTGCTAGGCGAAGCGGTTGAGTGCCGCACCCTAGATGGCTATAGTCCAGTAGCCGATAGCATCACTGCTTACGCTCTGACCCGAGTAGCATGGGGCACGTGGAATCCCGTGTGAATCAGCAAGGACCACCTTGCAAGGC
	3479
	Kanamycin
	Corn plastome integration site, trnI/trnA (Zea Mays)
	Designed in this work base on integration site used by (Daniell et al., 1998)

	Integration site
	Zm trnV/3'rps12
	CGGTGTGTACAAGGCCCGGGAACGGATTCGCCGCCGTATGGCTGACCGGCGATTACTAGCGATTCCTGCTTCATGCAGGCGAGTTGCAGCCTGCAATCCGAACTGAGGACGGGTTTTTGGAGTTAGCTCACCCTCGCGAGATCGCGACCCTTTGTCCCGCCCATTGTAGCACGTGTGTCGCCCAGGGCATAAGGGGCATGATGACTTGGCCTCATCCTCTCCTTCCTCCGGCTTAACACCGGCGGTCTGTTCAGGGTTCCAAACTCATAGTGGCAACTAAACACGAGGGTTGCGCTCGTTGCGAGACTTAACCCAACACCTTACGGCACGAGCTGACGACAGCCATGCACCACCTGTGTCCGCGTTCCCGAGGGCACCCCTCTCTTTCAAGAGGATTCGCGGCATGTCAAGCCCTGGTAAGGTTCTTCGCCTTGCATCGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAATTCCTTTGAGTTTCATTCTTGCGAACGTACTCCCCAGGCGGGATACTTAACGCGTTAGCTACAGCACTGCACGGGTCGAGTCGCACAGCACCTAGTATCCATCGTTTACGGCTAGGACTACTGGGATCTCTAATCCCATTTGCTCCCCTAGCTTTCGTCGCTCAGTGTCAGTGTCGGCCCAGCAGAGTGCTTTCGCCGTTGGTGTTCTTTCCGATCTCAATGCATTTCACCGCTCCACCGGAAATTCCCTCTGCCCCTACCGTACTCCAGCTTGGTAGTTTCCACCGCCTGTCCAGGGTTGAGCCCTGGGATTTGACGGCGGACTTGAAAAGCCACCTACAGACGCTTTACGCCCAATCATTCCGGATAACGCTTGCATCCTCTGTCTTACCGCGGCTGCTGGCACAGAGTTAGCCGATGCTTATTCCTCAGATACCGTCATTGTTTCTTCTCCGAGAAAAGAAGTTGACGACCCGTAGGCCTTCCACCTCCACGCGGCATTGCTCCGTCAGGCTTTCGCCCATTGCGGAAAATTCCCCACTGCTGCCTCCCGTAGGAGTCTGGGCCGTGTCTCAGTCCCAGTGTGGCTGATCATCCTCTCGGACCAGCTACTGATCATCGCCTTGGTAAGCTATTGCCTCACCAACTAGCTAATCAGACGCGAGCCCCTCCTTGGGCGGATTTCTCCTTTTGCTCCTCAGCCTACGGGGTATTAGCAACCGTTTCCAGTTGTTGTTCCCCTCCCAAGGGCAGGTTCTTACGCGTTACTCACCCGTTCGCCACTGGAAACACCACTTCCCGTTCGACTTGCATGTGTTAAGCATGCCGCCAGCGTTCATCCTGAGCCAGGATCGAACTCTCCATGAGATTCATAGTTGCATTACTTATAGCTTCCTTATTCGTAGACAAAGCGGATTCGGAATTGTCTTTCCTTCCAAGGATAACTTGTATCCATGCGCTTCAGATTATTAGCCTGGAGTTCGCCACCAGCAGTATAGCCAACCCTACCCTATCACGTCAATCCCACAAGCCTCCTATCCATTCCCGTTCGATCGTGGTGGGGGAGTAAGTCAAAATAGAAAAAACTCACATTAGGTTTAGGGATAATCAGGCTCGAACTGATGACTTCCACCACGTCAAGGTGACACTCTACCGCTGAGTTATATCCCTTCCCCGTCCCATCGAGAAAGAGAATTAACGAATCCTAAGGCAAAGGGGCGAGAAACGCAAGGCCACTCTTCCTCCGGGCTTTCTTTCCGCACTATTATGGACAGTCAAATAATGGGAAAAATTGGATTCAATTGTCAAGAATTCGTTTAAACTGCCTTGTCTTCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCTTGACCTACGGCGTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAAGGTCTATATCACCGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGACCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCAAGCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAGAAGACAAGGGAGTTTAAACAAGCTTGATTCGAGCCATAGCACATGGTTTCATAAAATCTGTACGATTTTCCCGATCTAAATCGAGTGGGTTTCCATGAAGAAGATCTTGTTCAGCATGTTCTATTCGATACTGGTAGGAGAAGAACCCGACTCGGTATTCTTAAAAAAAGAGGGGAAGCAGAACCAAGTCAAGATGATATGGATCGCCCCTTCTTCTTGCGCCAAAGATCTTACCATTTCCGAAGGAACTGGGGCTACATTTCCTTTCCATTTCCATTCCAGAGTTTCTATCTGTTTCCACGCCCTTTTTTTGAAACCTCGAAACATGAAATGGACAAATTCCTTCTCTTAGGAACACATACAAGAAAAAGGATAATGGTAGCCCCCCCATTAACTAATTTATGAATTTCATAGTAATAGAAATCCATGTCCTACCGAGACAGAATTTCGAACTTGCTATCCTCTTGCCTAATAGGCAAAGATTGACCTCTGTAGAAAGACTGATTCATTCGGATCGATATGAGGACCCAACTCCGTTGCATTGCCAGAATCCATGTTCCATATTTGAAGCGGGTTGACCTCTGTGCTTCTCTCATGGTACAATCCTCTTCCTGCTGAGCCCCCTTTCTCCTCGGTCCACAGAGAAAAAATGTAGGACTGGTGCCGACAGTTCATCACGGAAGAAAGAACTCACAGAGCCGGGGATCGCTAACTAATAGAATAGTACTACTAACTAATACTAATATATAGATAACTAATACTAATATATAGATATTAATACTAATATATAGATATATAGAAATAGATATCTAGAAATAGAAACGAACTAATATATAGATAATCGAAATCGAAAAGAACTGTCTTTTCTGTATACTTTCCCCGTTCTATGCTACCGCGGGTCTTATGCAATCGATCGGATCATATAGATATCCCTTCAACACAACATAGGTCATCGAAAGGATCTCGGACGACTCACCAAAGCACGAAAGCCAGTTAGAAAATGGATTCCTATTTGAAGAGTGCCTAACCGCATGGATAAGCTCACATTAACCCGTCAATTTTGGATCCAATTCGGGATTTTTCTTGGGAAGTTTCGGGAAGAAATTGGAATAATATCGATTCATACAGAGGAAAAAGTTCTCTATTGATGCAAACGCTGTACCTCAGAGGATAGGGATAGAGGAAGAGGGAAAAATCGAAATGAAATAAATAAAGAATAAAGCCAAAAAAATAAGTCGAAGATAGAAGAGCCCAGATTCAAAATGAAGAAATGGAAACTCGAAAAGGATCCTTCTGATTCTCAAAGAATGAGGGGCAAGGGGATTGATACCGAGAAAGATTTCTTCTTATTATAAGACGTGATTTGATCCGCATATGTTTGGTAAAAGAACAATCTTCTCCTTTAATCATAAATGGAAAGTGTTCAATTAGAACATGAAAACGTGACTCAATTGGTCTTAGTTAGCCTTCGGGACGGAGTGGAAGAAGGGCGGAGACTCTCGAACGAGGAAAAGGATCCCTTCGAAAGAATTGAACGAGGAGCCGTATGAGGTGAAAATCTCATGTACGGTTCTGTAGAGGGACAGTAAGGATGACTTATCTGTCGACTTTTCCACTATCAACCCCAAAAAACCCAACTCTGCCTTACGTAAAGTTGCCAGAGTACGATTAACCTCTGGATTTGAAATCACTGCTTATATACCTGGTATTGGCCA
	4251
	Kanamycin
	Corn plastome integration site, trnV/3'rps12 (Zea Mays)
	Designed in this work base on integration site used by (Staub and Maliga, 1992)

	Integration site
	St trnI/trnA
	GTACACACCGCCCGTCACACTATGGGAGCTGGCCATGCCCGAAGTCGTTACCTTAACCGCAAGGAGGGGGATGCCGAAGGCAGGGCTAGTGACTGGAGTGAAGTCGTAACAAGGTAGCCGTACTGGAAGGTGCGGCTGGATCACCTCCTTTTCAGGGAGAGCTAATGCTTGTTGGGTATTTTGGTTTGACACTGCTTCACACCCCCAAAAAAAAGAAGGGAGCTACGTCTGAGTTAAACTTGGAGATGGAAGTCGTCTTTCCTTTCTCGACGGTGAAGTAAGACCAAGCTCATGAGCTTATTATCCTAGGTCGGAACAAGTTGATAGGATCCCCTTTTTTACGTCCCTATGTTCCCCCGTGTGGCGACATGGGGGCGAAAAAAGGAAAGAGAGGGATGGGGTTTCTCTCGCTTTTGGCATAGCGGGCCCCCAGTGGGAGGCTCGCACGACGGGCTATTAGCTCAGTGGTAGAGCGCGCCCCTGATAATTGCGTCGTTGTGCCTGGGCTGTGAGGGCTCTCAGCCACATGGATAGTTCAATGTGCTCATCGGCGCCTGACCCTGAGATGTGGATCATCCAAGGCACATTAGCATGGCGTACTCCTCCTGTTCGAACCGGGGTTTGAAACCAAACTCCTCCTCAGGAGGATAGATGGGGCGATTCGGGTGAGATCCAATGTAGATCCAACTTTCGATTCACTCGTGGGATCCGGGCGGTCCGGGGGGGACCACCACGGCTCCTCTCTTCTCGAGAATCCATACATCCCTTATCAGTGTATGGACAGCTATCTCTCGAGCACAGGTTTAGGTTCGGCCTCAATGGGAAAATAAAATGGAGCACCTAACAACGCATCTTCACAGACCAAGAACTACGAGATCACCCCTTTCATTCTGGGGTGACGGAGGGATCGTACCATTCGAGCCGTTTTTTTCTTGACTCGAAATCGAAATGGGAGCAGGTTTGAAAAAGGATCTTAGAGTGTCTAGGGTTGGGCCAGGAGGATCTCTTAACGCCTTCTTTTTTCTTCTCATCGGAGTTATTTCACAAAGACTTGCCAGGGTAAGGAAGAAGGGGGGAACAAGCACACTTGGAGAGCGCAGTACAACGGAGAGTTGTATGCTGCGTTCGGGAAGGATGAATCGCTCCCGAAAAGGAATCTATTGATTCTCTCCCAATTGGTTGGACCGTAGGTGCGATGATTTACTTCACGGGCGAGATCTCTGGTTCAAGTCCAGGATGGCCCAGCTGCGAATTCGTTTAAACTGCCTTGTCTTCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCTTGACCTACGGCGTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAAGGTCTATATCACCGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGACCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCAAGCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAGAAGACAAGGGAGTTTAAACAAGCTTCTCCACTTGGCTCGGGGGGATATAGCTCAGTTGGTAGAGCTCCGCTCTTGCAATTGGGTCGTTGCGATTACGGGTTGGATGTCTAATTGTCCAGGCGGTAATGATAGTATCTTGTACCTGAACCGGTGGCTCACTTTTTCTAAGTAATGGGGAAGAGGACCGAAACGTGCCACTGAAAGACTCTACTGAGACAAAGATGGGCTGTCAAGAACGTAGAGGAGGTAGGATGGGCAGTTGGTCAGATCTAGTATGGATCGTACATGGACGGTAGTTGGAGTCGGCGGCTCTCCCAGGGTTCCCTCATCTGAGATCTCTGGGGAAGAGGATCAAGTTGGCCCTTGCGAACAGCTTGATGCACTATCTCCCTTCAACCCTTTGAGCGAAATGCGGCAAAAGAAAAGGAAGGAAAATCCATGGACCGACCCCATCATCTCCACCCCGTAGGAACTACGAGATCACCCCAAGGACGCCTTCGGCATCCAGGGGTCACGGACCGACCATAGAACCCTGTTCAATAAGTGGAACGCATTAGCTGTCCGCTCTCAGGTTGGGCAGTCAGGGTCGGAGAAGGGCAATGACTCATTCTTAAAACCAGCGTTCTTAAGACCAAAGAGTCGGGCGGAAGGGGGGGAAAGCCCTCCGTTCCTGGTTCTCCTGTAGTTGGATCCTCCGGAACCACAAGAATCCTTAGTTAGAATGGGATTCCAACTCAGCACCTTTTGAGTGAGATTTTGAGAAGAGTTGCTCTTTGGAGAGCACAGTACGATGAAAGTTGTAAGCTGTGTTCGGGGGGGAGTTATTGTCTATCGTTGGCCTCTATGGTAGAATCAGTCGGGGGACCTGAGAGGCGGTGGTTTACCCTGCGGCGGATGTCAGCGGTTCGAGTCCGCTTATCTCCAACTCGTGAACTTAGCCGATACAAGGCTTTATGATAGCACCCAATTTTTCCGATTCGGCGGTTCGATCTATGAT
	2993
	Kanamycin
	Potato plastome integration site, trnI/trnA (Solanum tuberosum)
	Designed in this work base on integration site used by (Daniell et al., 1998)

	Integration site
	St trnG/trnfM
	CCACTAAAGAAAAAAATCTATTCAATTAGCAAAAAAGGAGAGAGAGGGATTCGAACCCTCGATAGTTCTTTGTTCAAAACTATACCGGTTTTCAAGACCGGGGCTATCAACCACTCAGCCATCTCTCCGAAAGACTATTTTTATTTTATTCCTCCGAATAGAACATGGCTATAGGGGTGGATACCCCCACTATCTGTAGAAAGATCTCAGGTGCGAATCCACCGGTCGATCTATCTATCCGTATATAGATATATGATCTAGCATGTCCATTTGTGAAATAAAAAAGAAAATTCCATTTCCCCCCACCCCACTCCATGTACGAATAAAGTGCGAAAGGGGGAGTAGTAATAAGTCATATAGAATCAATGGATTCATGATAAAGTAAAATCCCTCGATGACATATTTTATCACAATTAATATTTTTTGGCTGATAGAGGGATCAAATGGTATATAGTTCATTTGTTGGTAGCTTGGAGGATTAAAAGCATGACTCTTGCTTTCCAATTGGCTGTTTTTGCATTAATTGCTACTTCATTAATCTTATTGATTAGCGTACCCGTTGTATTTGCTTCTCCTGATGGCTGGTCAAGTAACAAAAATGTTGTATTTTCTGGTACATCCTTATGGATTGGATTAGTCTTTCTGGTGGGTATCCTTAATTCTCTCATCTCTTGAACCTATTCGTCGCAGACCCAAAACCAAAATGACCCCCCTAATTTTTCTCGGTTGTGAGACACATTAAATTTGAATCTAAGTCCCCAAAGAAAATGCAAATCAAATAAAGAAAACAAAAAAATTAGAGGGGGGTCAAACTTCTTGAATAAAAAGAATATAATTAACAAAATAATTGGAATCGTTCCGAAGAGAATATGTGTCCCGGCACTGCACAAATAAGATCCGGTTATATATCATATATGTGGGTACATATTGTGTATCAAGAACAAAAAAATGCGGATATGGTCGAATGGTAAAATTTCTCTTTGCCAAGGAGAAGATGCGGGTTCGATTCCCGCTATCCGCCCAAGATCCAAGATAAAGTAATTTTTTTACTATTTATTTTTATTATTGAATTTCATAAATAGCATTAAATATATCCTTAAATTAAGGAGTTGGTATAGTTGGCCGTGATAGTGTAGTGATTCTATCCCTCCCCTACGTTTTCGAATTCGTTTAAACTGCCTTGTCTTCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCTTGACCTACGGCGTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAAGGTCTATATCACCGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGACCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCAAGCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAGAAGACAAGGGAGTTTAAACAAGCTTCTTACCAGAATAAGATGTTGCGGAGACAGGATTTGAACCCGTGACCTCAAGGTTATGAGCCTTGCGAGCTACCAAACTGCTCTACCCCGCGCCAAAGATAAGAACTGAAAACTAATAGATAAACAAGGATTAAATGCGCCCCTCCACCCTATCTGTACAAATAGAATAGCCCATTTATACAGAATGGTAAAGGGGCTTCTATGATCATCGACCATAGAAATAGAAATGAAGCGTTAATCCTTACCAACTCGATCTTGTTGCTCCTGGCAACAAACATGCATGAACCATTTCACGAAGTATGTGTCCGGATAGGCCAAAGTCTCGATAGTTAGCTCTCGGCCTTCCGGTCAAAAAACAACGTCGATGAAGGCGTGTAGGTGCACTATTCCGTGGTAGGGATTGTAACTTTCCATAAATTTCCCATTTGTCACTCAACGACGGAACCTTGCTTATTTCTTTTTTTGAGGATCGACGAATCGAATGATATTTCTGTTCCAATTTTTGCCTCTTCTTCTCCCTCTGAATCAAACTTTTCCTTGCCATAATGGTTGAGTTCCTATTAGTATCCATGATACAAGTCGAATCCTAGATGTAGAAATAGAAGAAGGTGGACCCCCTTCTCCGTCGAAAGAAATGAGATTATCGCGAATACACACATTAATTAACCAAATTTGCCCGACGTAGAGGCAATCAAGAAAGCCGCATAAGTGAATATATAACCTACAGAAAAGTGAGCTAATCCAACCAATCTTGCTTGTACAATAGAAAGGGCCACTGGTTTATCTCTCCATCGAATCAAATTGGCCAAAGGTGTGCGTTCGTGAGCCCATGCTAAAGTTTCAATCAATTCCTGCCAATATCCACGCCAAGAAATTAAGAACATAAATCCAGTAGCCCAAACAAGATGTCCAAATAAGAACATCCATGCCCAAACCGATAAACTATTCATACCAAAAGGGTTATATCCATTGATAAGTTGTGAAGAGTTTAACCATAAATAATCCCTTAACCAGCCCATCAAATAAGTGGAAGATTCATTAAACTGTGAAACGTTACCTTGCCATAATGTGATGTGCTTCCAATGCCAATAAAAAGTAACCCATCCAATAGTATTTAACATCCAAAAAACTGCCAAATAAAACGCGTCCCATGCCGAAATATCACAAGTACCGCCTCGTCCTGGGCCATCGCACGGAAAACTATAACCGAAATCCTTTTTATCTGGCATTAACTTGGAACCACGTGCATCTAAAGCACCTTTTACTAAGATCAATGTAGTTGTATGTAAACCAAGGGCAATAGCATGATGAACCAAAAAGTCTCCAGGACCTATTGTTAAGAATAATGAATTACTATTTTCATTAACAGCATTTAACCAACCCGGCAACCAGATGCTTCGACCCGCATTGAATGCTGGGCCAGTCGTTGAAGATAAAAG
	3372
	Kanamycin
	Potato plastome integration site, trnG/trnfM (Solanum tuberosum)
	Designed in this work base on integration site used by (Bock and Maliga, 1995)

	Integration site
	St trnV/3'rps12
	AACGAGTTCACCGCCGTATGGCTGACCGGCGATTACTAGCGATTCCGGCTTCATGCAGGCGAGTTGCAGCCTGCAATCCGAACTGAGGACGGGTTTTTGGGGTTAGCTCACCCTCGCGGGATCGCGACCCTTTGTCCCGGCCATTGTAGCACGTGTGTCGCCCAGGGCATAAGGGGCATGATGACTTGACGTCATCCTCACCTTCCTCCGGCTTATCACCGGCAGTCTGTTCAGGGTTCCAAACTCAACGATGGCAACTAAACACGAGGGTTGCGCTCGTTGCGGGACTTAACCCAACACCTTACGGCACGAGCTGACGACAGCCATGCACCACCTGTGTCCGCGTTCCCGAAGGCACCCCTCTCTTTCAAGAGGATTCGCGGCATGTCAAGCCCTGGTAAGGTTCTTCGCTTTGCATCGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAATTCCTTTGAGTTTCATTCTTGCGAACGTACTCCCCAGGCGGGATACTTAACGCGTTAGCTACAGCACTGCACGGGTCGATACGCACAGCGCCTAGTATCCATCGTTTACGGCTAGGACTACTGGGGTATCTAATCCCATTCGCTCCCCTAGCTTTCGGCTCTCAGTGTCAGTGTCGGCCCAGCAGAGTGCTTTCGCCGTTGGTGTTCTTTCCGATCTCTACGCATTTCACCGCTCCACCGGAAATTCCCTCTGCCCCTACCGTACTCCAGCTTGGTAGTTTCCACCGCCTGTCCAGGGTTGAGCCCTGGGATTTGACGGCGGACTTAAAAAGCCACCTACAGACGCTTTACGCCCAATCATTCCGGATAACGCTTGCATCCTCTGTATTACCGCGGCTGCTGGCACAGAGTTAGCCGATGCTTATTCCCCAGATACCGTCATTGCTTCTTCTCCGGGAAAAGAAGTTCACGACCCGTGGGCCTTCTACCTCCACGCGGCATTGCTCCGTCAGGCTTTCGCCCATTGCGGAAAATTCCCCACTGCTGCCTCCCGTAGGAGTCTGGGCCGTGTCTCAGTCCCAGTGTGGCTGATCATCCTCTCGGACCAGCTACTGATCATCGCCTTGGTAAGCTATTGCCTCACCAACTAGCTAATCAGACGCGAGCCCCTCCTCGGGCGGATTCCTCCTTTTGCTCCTCAGCCTACGGGGTATTAGCAGCCGTTTCCAGCTGTTGTTCCCCTCCCAAGGGCAGGTTCTTACGCGTTACTCACCCGTCCGCCACTGGAAACACCGTTTCCCGTGTTTCCCGTCCGACTTGCATGTGTTAAGCATGCCGCCAGCGTTCATCCTGAGCCAGGATCGAACTCTCCATGAGATTCATAGTTGCATTACTTATAGCTTCCTTGTTCGTAGACAAAGCGGATTCGGAATTGTCTTTCATTCCAAGGCATAACTTGTATCCATGCGCTTCATATTCGCCCGGAGTTCGCTCCCAGAAATATAGTCATCCCTGCCCCCTCACGTCAATCCCACGAGCCTCTTATCCATTCTCATTGAACGACGGCGGGGGAGCAAATCCAACTAGAAAAACTCACATTGGGCTTAGGGATAATCAGGCTCGAACTGATGACTTCCACCACGTCAAGGTGACACTCTACCGCTGAGTTATATCCCTTCCCCGCCCCATCGAGAAATAGAACTGACTAATCCTAAGTCAAAGGGTCGAGAAACTCAACGCCACTATTCTTGAACAACTTGGAGCCGGGCCTTCTTTTCGCACTATTACGGATATGAAAATAATGGTCAAAATCGGATTCAATTGTCAAGAATTCGTTTAAACTGCCTTGTCTTCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCTTGACCTACGGCGTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAAGGTCTATATCACCGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGACCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCAAGCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAGAAGACAAGGGAGTTTAAACAAGCTTCTGCCCCTATCGGAAATAGGATTGACTACCGATTCCGAAGGAACTGGAGTTACATCTCTTTTCCATTCAAGAGTTCTTATGCGTTTCCACGCCCCTTTAAGACCCCGAAAAATGGACAAATTCCTTTTCTTAGGAACACATACAAGATTCGTCACTACAAAAAGGATAATGGGAACCCTACCATTAACTACTTCATTTATGAATTTCATAGTAATAGAAATACATGTCCTACCGAGACAGAATTTGGAACTTGCTACCCTCTTGCCTAGCAGGCAAAGATTTACCTCCGTGGAAAGGATGATTCATTCGGATCGACATGAGAGTCCAACTACATTGCCAGAATCCATGTTGTATATTTGAAAGAGGTTGACCTCCTTGCTTCTCTCATGGTACACTCCTCTTCCCGCCGAGCCCCTTTTCTCCTCGGTCCACAGAGACAAAATGTAGGACTGGTGCCAACAGTTCATCACGGAAGAAAGGACTCACTAAGTCGGGATCACTAACTAATACTAATCTAATATAATAGTCTAATATATCTAATATAATAGAAAATACTAATATAATAGAAAAGAACTGTCTTTTCTGTATACTTTCCCCGGTTCCGTTGCTACCGCGGGCTTTACGCAATCGATCGGATTAGATAGATATCCCTTCAACATAGGTCATCGAAAGGATCTCGGATACCCACCAAAGTACGAAAGCCAGGATCTTTCAGAAAACGGATTCCTATTCAAAGAGTGCATAACCGCATGGATAAGCTCACACTAACCCGTCAATTTGGGATCCAAATTAGAGATTTTCCTTGGGAGGTATCGGGAAGGATTTGGAATGGAATAATATCGATTCATACAGAAGAAAAGGTTCTCTATTGATTCAAACACTGTACCTATGGGATAGGGATCGAGGAAGGGGAAAAACCGAAGATTTCACATGGTACTTTTATCAATCTGATTTATTTCGTACCTTTCGTTCAATGAGAAAATGGGTCAAATTCTACAGGATCAAACCTATGGGACTTAAGGAATGATATAAAAAAAAGAGAGGGAAAATATTCATATTAAATAAATATGAAGTAGAAGAACCCAGATTCCAAATGAACAAATTCAAACTTGAAAAGGATCTTCCTTATTCTTGAAGAATGAGGGGCAAAGGGATTGATCAAGAA
	3726
	Kanamycin
	Potato plastome integration site, trnV/3'rps12 (Solanum tuberosum)
	Designed in this work base on integration site used by (Staub and Maliga, 1992)

	
	
	
	
	
	
	












Supplemental Table S2


	
	
	
	
	

	(A) - Level-1 vectors (forward orientation)

	
	
	
	
	

	Vector
	position
	Plate id.
	Selection
	Reference

	pICH47732
	1
	B3
	Carbenicillin
	(Engler et al., 2014)

	pICH47742
	2
	C3
	Carbenicillin
	(Engler et al., 2014)

	pICH47751
	3
	D3
	Carbenicillin
	(Engler et al., 2014)

	pICH47761
	4
	E3
	Carbenicillin
	(Engler et al., 2014)

	pICH47772
	5
	F3
	Carbenicillin
	(Engler et al., 2014)

	pICH47781
	6
	G3
	Carbenicillin
	(Engler et al., 2014)

	pICH47791
	7
	H3
	Carbenicillin
	(Engler et al., 2014)

	
	
	
	
	

	
	
	
	
	

	(B) - Level-1 vectors (reverse orientation)

	
	
	
	
	

	Vector
	position
	Plate id.
	Selection
	Reference

	pICH47802
	1
	A4
	Carbenicillin
	(Engler et al., 2014)

	pICH47811
	2
	B4
	Carbenicillin
	(Engler et al., 2014)

	pICH47822
	3
	C4
	Carbenicillin
	(Engler et al., 2014)

	pICH47831
	4
	D4
	Carbenicillin
	(Engler et al., 2014)

	pICH47841
	5
	E4
	Carbenicillin
	(Engler et al., 2014)

	pICH47852
	6
	F4
	Carbenicillin
	(Engler et al., 2014)

	pICH47861
	7
	G4
	Carbenicillin
	(Engler et al., 2014)
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	(A) – Example of Level-2 End-Linkers compatible with the kit

	
	
	
	
	

	Vector
	Position
	Plate id.
	Selection
	Reference

	pICH41722
	1
	B5
	Spectinomycin
	(Engler et al., 2014)

	pICH41744
	2
	C5
	Spectinomycin
	(Engler et al., 2014)

	pICH41766
	3
	D5
	Spectinomycin
	(Engler et al., 2014)

	pICH41780
	4
	E5
	Spectinomycin
	(Engler et al., 2014)

	pICH41800
	5
	F5
	Spectinomycin
	(Engler et al., 2014)

	pICH41822
	6
	G5
	Spectinomycin
	(Engler et al., 2014)

	pICH50866
	7
	H5
	Spectinomycin
	(Engler et al., 2014)

	
	
	
	
	

	
	
	
	
	

	(B) - Level-2 Chl-Vectors

	
	
	
	
	

	Vector
	Species
	Integration site
	Selection
	Reference

	242
	Nt
	trnI-trnA
	Kanamycin
	this work

	243
	Nt
	trnG-trnfM
	Kanamycin
	this work

	244
	Nt
	trnV-3'rps12
	Kanamycin
	this work

	245
	Nt
	atpB-accD
	Kanamycin
	this work

	246
	Zm
	trnI-trnA
	Kanamycin
	this work

	247
	Zm
	trnV-3'rps12
	Kanamycin
	this work

	248
	St
	trnI-trnA
	Kanamycin
	this work

	249
	St
	trnG-trnfM
	Kanamycin
	this work

	250
	St
	trnV-3'rps12
	Kanamycin
	this work

	
	
	
	
	



	


Supplemental Table S4


	N.
	Primer Name
	Sequence 5'-3'
	Target

	
	
	
	

	1
	GOI-1-Chl-FW
	ATGCCTATTGCTGTAGGAAT
	Full-length GOI-1

	2
	GOI-2-Chl-FW
	ATGAGAATTGCTAAAGTAAGAG
	Full-length GOI-2

	3
	GOI-3-Chl-FW
	ATGTCTGCTTCTTTACCTGC
	Full-length GOI-3

	4
	GOI-4-Chl-FW
	ATGTCTGCTTCTTTACCTGC
	Portion of GOI-4

	5
	aadA-full-FW
	ATGGCAGAAGCGGTGATC
	Full-length aadA

	6
	PaccD-FW
	GGAGCGATGCGAATTTGACA
	accD promoter

	7
	IEE-FW
	GGAGTAGGATCGTTTATTTACA
	intercistronic expression element (IEE)

	8
	PpsbA-FW
	GGAGAATAAAAAGCCTTCCATT
	psbA promoter

	9
	Int-St-trnG-trnfM-FW
	CTATCCGCCCAAGATCCAAGATAAAG
	trnG of plastome

	10
	Lux-C-FW
	CTGAACATGCTCCTTCTCATGC
	portion of Lux-C

	11
	Lux-D-FW
	TGGATCATTTTGCTGGATTAGCTG
	portion of Lux-D

	12
	Lux-A-FW
	CAACCTCCTGGAGAATCTCATCA
	portion of Lux-A

	13
	Lux-B-FW
	CTTCTCAACAACAACAATTTGAAGC
	portion of Lux-B

	14
	Lux-E-FW
	GGGACCTGATAGATTTTCTGCTTC
	portion of Lux-E

	15
	Lux-G-FW
	GGAGGATCTGTAAAAGAATCTGCT
	portion of Lux-G

	16
	aadA-frag-FW
	GTGCACGACGACATCATTCC
	portion of aadA

	17
	mEmerald-frag-FW
	GTGACCACCTTGACCTACGG
	portion of mEmerald

	18
	Prrn-Nic-FW
	TGGATAAGAGGCTCGTGGGA
	rrn promoter

	19
	RB-FW
	GTTTACCCGCCAATATATCC
	Right border of T-DNA

	
	
	
	

	
	
	
	

	20
	GOI-1-Chl-RV
	TTACATTCTAAATTGTTCTACAGC
	Full-length GOI-1

	21
	GOI-2-Chl-RV
	TTAAGAATGTTCTCTTTTATCATA
	Full-length GOI-2

	22
	GOI-3-Chl-RV
	TCATTGATCATCTCTAGGATTAG
	Full-length GOI-3

	23
	GOI-4-Chl-RV
	AACTTCAGGGTCAGCTTGC
	Portion of GOI-4

	24
	aadA-full-RV
	TTATTTGCCGACTACCTTGGT
	Full-length aadA

	25
	petD-3UTR-RV
	AGCGATCTATTGGACTTACTTA
	3'UTR of petD

	26
	psbA-3UTR-RV
	AGCGAAAAAAAGAAAGGAGCAATAG
	3'UTR of psbA

	27
	Int-St-trnG-trnfM-RV
	TCTATTTGTACAGATAGGGTGGAGGG
	trnfM of plastome

	28
	Lux-C-RV
	CCAAGGAGCAATAGCTACAGTTT
	Portion of Lux-C

	29
	Lux-D-RV
	ACCCAATCATCTCCATCAGAAGT
	Portion of Lux-D

	30
	Lux-A-RV
	CAGCAGTCATACAAGTAGGTTGTT
	Portion of Lux-A

	31
	Lux-B-RV
	CTTTTCCTACAGCATGTTGTTCAAT
	Portion of Lux-B

	32
	Lux-E-RV
	AAAGCTCTAGCATATACCCAAGGA
	Portion of Lux-E

	33
	Lux-G-RV
	AGACATTCCAAAAGGTCCACAT
	Portion of Lux-G

	34
	aadA-frag-RV
	TCGCCTTTCACGTAGTGGAC
	Portion of aadA

	35
	mEmerald-frag-RV
	TCTCGTTGGGGTCTTTGCTC
	Portion of mEmerald

	36
	rrnB-3UTR-RV
	TGTTGTTTGTCGGTGAACGC
	3'UTR of rrnB

	37
	LB-RV
	TGGCAGGATATATTGTGGTG
	Left border of T-DNA
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Figure 1: Schematic representation of Golden Gate assembly using the MoChlo kit. (A) 4 vectors containing different Level-0 modules flanked by BsaI sites: P: promoter (blue); U: 5’ untranslated region (UTR; gray); GOI: gene of interest (red); T: terminator/ 3’ untranslated region (UTR; black). (B) Level-1 golden gate assembly. The BsaI restriction digestion releases Level-0 parts (P1-7, U1-7, GOI1-7 and T1-7) equipped with 5’ and 3’ overhangs (I-V) used for directional cloning. The 5’ and 3’ overhangs (I and V, respectively) of P-U-GOI-T cassettes (C1-7) are compatible with Level-1 vectors (V1-7). The Level-1 assembly results in seven Level-1 vectors containing seven cassettes (C1-7) flanked by BpiI sites. (C) Level-2 Golden Gate assembly. The BpiI restriction digestion of Level-1 vectors releases cassettes (C1-7) equipped with 5’ and 3’ overhangs (1-8) able to provide directional cloning from C1 to C7. An end-linker (L7, green) equipped with compatible 5’ and 3’ overhangs (8 and 9, respectively) allows integration of the Level-2 operon in between the homologous sequences (H1 and H2) of a chloroplast transformation vector (Chl-Vector: destination vector Level-2).


[image: Macintosh HD:Users:alexpfotenhauer:Desktop:MoChlo Paper:Figure 2 v2.tif]
Figure 2: Level-1 cloning for a 4-gene operon-1. (A) Schematic representation of a Level-1 cassette. Promoter (P: blue); 5’ untranslated region (5’: gray); gene of interest (GOI 1-3 or aadA: red); terminator/ 3’untranslated region (3’: black). BpiI sites flanking the Level-1 cassette are indicated. (B-E) PCR to confirm Level 1 assembly. Specific primers for the internal gene (B: GOI-1; C: GOI-2; D: GOI-3; E: aadA) and the promoter/3’UTR of cassettes 1A, 1B, 1C and 1D (B: C. 1A; C: C. 1B; D: C. 1C; E: C. 1D) have been used. DNA bands at the predicted molecular weight (kb) confirm correct Level-1 assembly of all cassettes. Negative controls (blanks) of PCR B-E are indicated. (F) BpiI restriction digestion of Level-1 vectors. The 4 Level-1 cassettes released after digestion are indicated with asterisks (size indicated in Table 1). The empty vector 1 (vector position 1 forward) is used as positive control. The LacZα fragment (0.616 kb) release after digestion of vector 1 is indicated with a triangle. The molecular weight (kb) of backbone vector is indicated with black arrows. DNA markers are shown in the pictures.
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Figure 3: Level-2 cloning for operon-1. (A) Schematic representation of Level-2 operon-1. Level-1 cassettes 1A, 1B, 1C and 1D are assembled in position 1, 2, 3 and 4 of operon-1, respectively. Promoter (P: blue); 5’ untranslated region (5’: gray); gene of interest (GOI 1-3: red); gene for selection (aadA: yellow); terminator/ 3’ untranslated region (3’: black). The operon-1 is cloned in a Level-2 vector between left (L; 1.17 kb) and right (R; 1.45 kb) arms homologous to the trnG/trnfM site of potato plastome. (B-E) PCR to confirm the presence of all genes of operon-1 (3 purified vectors 1-3). Specific primers for GOI-1 (B), GOI-2 (C), GOI-3 (D) and aadA (E) have been used. DNA bands at the predicted molecular weight (kb, black arrows B-E) in both purified plasmid (operon-1) and positive controls (positive C.) confirm correct Level-2 assembly of operon-1. (F-J) PCR to confirm the correct order of 4 genes in the operon-1. Pair or primers specific for trnG/GOI-1 (F), GOI-1/GOI-2 (G), GOI-2/GOI-3 (H), GOI-3/aadA (I) and aadA/trnfM (J) have been used. DNA bands at the predicted molecular weight confirm the correct order (kb, black arrows F-J). Negative controls (blanks) for PCR and DNA markers are shown in panels (B-J).
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Figure 4: Level-1 cloning for the Lux-operon for plastid engineering. (A) Schematic representation of a Level-1 cassette. Promoter (P: blue); 5’ untranslated region (5’: gray); Lux (C, D, A, B, E or G) or aadA gene for selection (red); terminator/ 3’ untranslated region (3’: black). BpiI sites flanking the Level-1 cassette are indicated. (B-H) PCR to confirm Level 1 assembly. Specific primers for Lux genes (B: Lux-C; C: Lux-D; D: Lux-A; E: Lux-B; F: Lux-E; G: Lux-G), gene for selection (H: aadA) and the promoter/3’UTR of cassettes LC1, LD1, LA1, LB1, LE1, LG1 and S1 (B: C. LC1; C: C. LD1; D: C. LA1; E: C. LB1; F: C. LE1; G: C. LG1; H: C. S1) have been used. DNA bands at the predicted molecular weight (kb, black arrows) confirm correct Level-1 assembly of all cassettes. Negative controls (blanks) of PCR B-H are indicated. (J) BpiI restriction digestion of Level-1 vectors. Level-1 cassettes released after digestion are indicated with asterisk (cassette size Table 2). The empty vector 1 (position 1 forward) is used as positive control. The LacZα fragment release after digestion of vector-1 is indicated with triangle (0.616 kb). The molecular weight (kb) of the backbone vector is indicated with black arrows. DNA markers are shown in the pictures.
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Figure 5: Level-2 cloning for the 7-gene Lux-operon. (A) Schematic representation of Level-2 assembly of Lux operon-1. Level-1 cassettes LC1, LD1, LA1, LB1, LE1, LG1 and S1 are assembled in operon position 1, 2, 3, 4, 5, 6 and 7, respectively. Promoter (P: blue); 5’ untranslated region (5’: gray); Lux (C, D, A, B, E or G: Red); gene for selection (aadA: yellow); terminator/ 3’ untranslated region (3’: black). The Lux operon-1 is cloned in Level-2 vector between left (L; 1.17 kb) and right (R; 1.45 kb) arms homologous to the trnG/trnfM site of potato plastome. (B-H) PCR of all genes of the Lux operon-1. Primers specific for Lux-C (B), Lux-D (C), Lux-A (D), Lux-B (E), Lux-E (F), Lux-G (G) and aadA (H) have been used. DNA bands at the predicted molecular weight (kb, black arrows B-H) for both purified plasmid (Lux operon-1) and positive controls (positive C.) confirmed the presence of all genes. (F-J) PCR to check correct gene order in the Lux operon-1. Pair or primers specific for trnG/Lux-C (I), Lux-C/Lux-D (J), Lux-D/Lux-A (K), Lux-A/Lux-B (L), Lux-B/Lux-E (M), Lux-E/Lux-G (N), Lux-G/aadA (O) and aadA/trnfM (P) have been used. DNA bands (black arrows I-P) at the predicted molecular weight (kb) confirm correct gene order. Negative controls (blanks) of PCR and DNA markers are shown in the pictures (B-P).
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Figure 6: An example of in vivo validation of two MoChlo-enabled constructs in potato chloroplasts. (A) Schematic representation of test operons controlled by two examples of promoter::5’UTR combinations. The operon (red) is controlled by the rrn promoter (P1) along with a synthetic ribosome binding site as 5’UTR (5’1; blue and gray: Operon X) or the promoter::5’UTR fusion of accD gene (P2:5’2; blue and gray: Operon Y). The expression of mEmerald (mEme; green) is under the control of the operon promoter, while the selection gene, aadA (yellow), is under the control of both promoter::5’UTR (P3-5’; blue and gray) and terminator/ 3’UTR (T: black) of the psbA gene. (B-I) Confocal images of transplastomic green callus transformed with Operon X (B-E) or Operon Y (F-I). In both cases the mEmerald fluorescent signal is localized to chloroplasts. (B and F) mEmerald signal; (C and G) chlorophyll autofluorescence; (D and H) bright-field; (E and I) merged images. Scale bars = 20 µm (B-E and F-I).
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Figure 7: Schematic of MoChlo kit for combinatorial assembly of operons for metabolic engineering. In the current iteration of the kit, combinatorial assembly of individual cassettes (Level-1 constructs) can be conducted using 47 promoters, 38 5’UTRs, 9 promoter:5’UTR fusions and 10 terminators/ 3’UTRs. In addition, the user has the ability to assemble up to 7 individual cassettes, each with their own regulatory elements and genes of interest (GOI). Further, during Level-2 assembly, the user can choose from 3 different integration sites (trnI-trnA; trnV-3'rps12; trnG-trnfM) from 3 different plant species (Nicotiana tabacum; Zea mays; Solanum tuberosum). After completing assembly, the user would then bombard the Level-2 constructs into leaf disks, select, and regenerate transplastomic plants.
[image: Macintosh HD:Users:alexpfotenhauer:Desktop:MoChlo Paper:Supplemental-Figure-Final:Slide01.tiff]
Figure S1: Level-0 modules and directional cloning into Level-1 cassettes. (A) List of Level-0 modules available in the MoChlo kit. P: promoter (blue); P-U: promoter fused with 5’ untranslated region UTR (blue); U: 5’ untranslated region UTR (gray); T: terminator/ 3’ untranslated region UTR (black); GOI: gene of interest. Both 5’ and 3’ overhangs of level-0 modules and Level-1 destination vectors are indicated. BsaI sites are shown at both ends of Level-0 modules and vectors. (B) Possible Level-1 cassettes originated by directional cloning of different combinations of Level-0 modules (regulatory sequences along with GOIs). For each cassette overhangs compatible with Level-1 vectors are indicated.
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Figure S2: Directional cloning of Level-1 cassettes into operons of different lengths. (A) Table resuming Level-1 cassettes (C1-7) equipped with specific overhangs for directional cloning of Level-2 operons. Cassettes are either in forward or reverse orientation depending on the vectors used in Level-1 assembly. End-linkers for each position in the operon equipped with specific overhangs are indicated. Overhangs of a chloroplast destination vector Level-2 are indicated. BpiI sites at both ends of cassettes, end-linkers and vector are shown. (B) Assembly of cassettes and end-linkers forming Level-2 operons of different lengths (operons composed by 1 to 7 cassettes). 5’ and 3’ overhangs compatible with chloroplast destination vectors are indicated.
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Figure S3: Level-1 assembly of GOIs. (A) Example of PCR reactions on bacteria colonies transformed with ligation products of different Level-1 constructs. 10 colonies per each Level-1 cassettes have been tested. Specific primers for the internal genes (GOI-1; GOI-2; GOI-3; GOI-4) have been used to check the presence of Level-1 cassettes. All tested bacteria colonies are positives for the presence of Level-1 cassettes confirmed by DNA bands at the predicted molecular weight (kb). Positive and negative controls (blanks) have been used to support the PCR reactions. DNA markers are shown in the picture. (B) Example of Blue-White screen of bacteria transformed with ligation products of Level-1 constructs. All bacteria colonies are white confirming high efficiency of Level-1 assembly.
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Figure S4: Examples of Level-1 cassettes synthesized using the MoClo kit. (A) Table describing Level-1 cassettes cloned in 4 different Level-1 vectors (forward position 1-4). Prrn-RBS (promoter of rrn gene along with a ribosome binding site); mPrrn (20-46-60%)-RBS (promoter of rrn gene 20, 46 or 60% active along with a ribosome binding site); IEE (intercistronic expression element); synth RBS (synthetic ribosome binding site); GOI-1-5 (gene of interest 1-5); petD-3’UTR (3’UTR of petD gene). (B) Restriction digestion (BpiI) of aforementioned Level-1 vectors. The Level-1 cassettes released after digestion are indicated with asterisk (size kb are indicated in the table). The empty vector-1 (vector position 1 forward) is used as positive control. The LacZα operon release after digestion of vector 1 is indicated with triangle (0.616 kb). The molecular weight (kb) of backbone vector is indicated with black arrows. DNA markers are shown in the pictures.
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Figure S5: Colony screening for Level-2 assembly of operon-1 using BbsI in the Golden Gate reaction. (A) PCR reactions on bacteria colonies (1-40) transformed with the ligation product of Level-2 assembly of operon-1. In the first screen, a pair of primers were used to check the presence of GOI-1. DNA bands at the predicted molecular weight (kb; black arrow) confirmed the presence of GOI-1 in 21 colonies. (B-D) PCR reactions on GOI-1 positive colonies to check the presence of the other 3 genes. Reactions using primers specific for GOI-2, GOI-3 and aadA are shown in panel B, C and D, respectively. DNA bands at the predicted molecular weight (kb; black arrow) confirmed the presence of GOI-2, GOI-3 and aadA genes in 9 GOI-1 positive colonies (indicated in bold). The efficiency of Level-2 assembly of a 4-genes operon using BbsI is about 22.5%. Positive and negative controls (blanks) along with DNA markers are shown in the pictures.
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Figure S6: Colony screening for Level-2 assembly of operon-1 using BpiI in the Golden Gate reaction. (A) PCR reactions on bacteria colonies (1-40) transformed with the ligation product of Level-2 assembly of operon-1. In the first screen, a pair of primers has been used to check the presence of GOI-1. DNA bands at the predicted molecular weight (kb; black arrow) confirmed the presence of GOI-1 in all 40 colonies. (B-D) PCR reactions on GOI-1 positive colonies to check the presence of the other 3 genes. Reactions using primers specific for GOI-2, GOI-3 and aadA are shown in panel B, C and D, respectively. DNA bands at the predicted molecular weight (kb; black arrow) confirmed the presence of GOI-2, GOI-3 and aadA in 37 positive colonies for GOI-1 (indicated in bold). The efficiency of Level-2 assembly of a 4-genes operon using BpiI is about 92.5%. Positive and negative controls (blanks) along with DNA markers are shown in the pictures.
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Figure S7: Level-2 assembly of 2-genes selection cassettes using BbsI in the Golden Gate reaction. (A) Schematic representation of Level-2 selection operon-1. Level-1 cassettes S3 and S4 are assembled in position 1 and 2, respectively. Promoter (P: blue); 5’ untranslated region (5’: gray); mEmerald gene (red); aadA gene for selection (yellow); terminator/ 3’ untranslated region (3’: black). The operon is cloned in a Level-2 vector between left (L; 1.17 kb) and right (R; 1.45 kb) arms homologous to the trnG/trnfM site of potato plastome. (B) Table describing level-1 cassette S3 and S4. Promoter (P); 5’UTR (5’ untranslated region); gene of interest (GOI); terminator/ 3’UTR (3’ untranslated region); cassette size (kb) and position in the operon (forward position 1-2) are indicated. Prrn (promoter of rrn gene); PpsbA (promoter of psbA gene); Prrn-5’UTR (5’UTR of rrn promoter); PpsbA-5’UTR (5’UTR of psbA promoter); mEmerald (gene encoding mEmerald fluorescent protein); aadA gene for selection (encoding the 3''-adenylyltransferase); psbA-3’UTR (3’UTR of psbA gene). (C) PCR reactions on bacteria colonies (1-40) transformed with the ligation product of Level-2 assembly of selection operon-1. A pair of primers specific either for mEmerald or aadA were used. DNA bands at the predicted molecular weight (kb, black arrow) confirm the presence of both genes in all 40 colonies, indicating 100% efficiency of Level-2 assembly. Positive and negative controls (blanks) along with DNA markers are shown in the pictures.
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Figure S8: Level-2 assembly of 5 different 4-genes operons. (A) Table describing different Level-2 operons (from 1 to 5). For each operon the Level-1 cassettes and positions are indicated. A description of Level-1 cassettes is shown in Table 1 and Supplemental Figure S4, A. (B-E) PCR reactions using primers specific for GOI-1 (B), GOI-2 (C), GOI-3 (D) and aadA (E). The presence of DNA bands at the predicted molecular weight (kb, black arrows) confirm the presence of 4 genes in all operons: operon-1 (1,2); operon-2; operon-3; operon-4; and operon-5. Positive and negative (blanks) controls along with DNA markers are shown in the pictures (B-E).
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Figure S9: Level-1 assembly of Level-1 Lux-cassettes. (A) Example of PCR reactions on bacteria colonies transformed with ligation products of different Level-1 constructs for Lux operon (Cassette-LC1, LD1, LA1, LB1, LE1, LG1) and selection cassettes (Cassette-S1, S2). 5 colonies (colony 1-5) per each constructs have been tested. A pair of primers specific for RB/LB located at both sites of the cassettes have been used to check the presence of all Level-1 cassettes. The presence of DNA bands at the predicted molecular weight (kb) confirms that all tested bacteria colonies, except three for LC1, are positives. Positive and negative controls (blanks) along with DNA markers are shown in the picture. (B) Example of Blue-White screen of bacteria transformed with ligation products of Level-1 constructs indicated above. All bacteria colonies are white confirming high efficiency of Level-1 assembly.
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Figure S10: Colony screening for Level-2 assembly of Lux operon-1 using BpiI in the Golden Gate reaction. (A) PCR reactions on bacteria colonies (1-40) transformed with the ligation product of Level-2 assembly of Lux operon-1. A pair of primers specific for Lux-C has been used for the first PCR screen. DNA bands at the predicted molecular weight (kb, black arrow) confirmed the presence of Lux-C in 28 colonies. (B) PCR reactions on Lux-C positive colonies to check the presence of the other 5 Lux genes along with aadA. Specific primers for Lux-D, Lux-A, Lux-B, Lux-E, Lux-G and aadA have been used for reactions indicated panels. DNA bands at the predicted molecular weight (kb, black arrow) confirm the presence of all Lux genes together with aadA in 26 colonies (indicated in bold). The efficiency of Level-2 assembly of a 7-genes operon using BpiI is about 65%.Positive and negative controls (blanks) along with DNA markers are shown in the pictures.
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Figure S11: Colony screening for Level-2 assembly of Lux operon-1 using BbsI in the Golden Gate reaction. (A) PCR reactions on bacteria colonies (1-80) transformed with the ligation product of Level-2 assembly of Lux operon-1. All 80 colonies have been grown on spectinomycin confirming the presence of aadA gene. A pair of primers specific for Lux-C has been used for the first PCR screen. DNA bands at the predicted molecular weight (kb, black arrow) confirmed the presence of Lux-C in 7 colonies. (B-G) PCR reactions on Lux-C positive colonies to check the presence of the other 5 Lux genes. Specific primers for Lux-C, Lux-D, Lux-A, Lux-B, Lux-E and Lux-G have been used for reactions shown in panel B, C, D, E, F and G, respectively. DNA bands at the predicted molecular weight (kb, black arrow) confirm the presence of all Lux genes in one colony (indicated in bold). The efficiency of Level-2 assembly of a 7-genes operon using BbsI is about 1.25%. Positive and negative controls (blanks) along with DNA markers are shown in the pictures.
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Figure 1: Schematic representation of Golden Gate assembly using the MoChlo
kit. (A) 4 vectors containing different Level-0 modules flanked by Bsal sites: P:
promoter (blue): U: 5” untranslated region (UTR: gray): GOI: gene of interest (red):
T: terminator/ 3” untranslated region (UTR: black). (B) Level-1 golden gate
assembly. The Bsal restriction digestion releases Level-0 parts (P1-7, U1-7, GOI1-7
and T1-7) equipped with 5 and 3 overhangs (I-V) used for directional cloning. The
5" and 3" overhangs (I and V., respectively) of P-U-GOI-T cassettes (C1-7) are
compatible with Level-1 vectors (V1-7). The Level-1 assembly results in seven
Level-1 vectors containing seven cassettes (C1-7) flanked by Bpil sites. (C) Level-2
Golden Gate assembly. The Bpil restriction digestion of Level-1 vectors releases
cassettes (C1-7) equipped with 5 and 3 overhangs (1-8) able to provide directional
cloning from C1 to C7. An end-linker (L7, green) equipped with compatible 5* and
3 overhangs (8 and 9, respectively) allows integration of the Level-2 operon in

between the homologous sequences (H1 and H2) of a chloroplast transformation
vector (Chl-Vector: destination vector Level-2).
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Figure 2

Figure 2: Level-1 cloning for a 4-gene operon-1. (A) Schematic representation of a Level-
1 cassette. Promoter (P: blue): 5’ untranslated region (5°: gray): gene of interest (GOI 1-3
or aadA: red): terminator/ 3 untranslated region (3’: black). Bpil sites flanking the Level-1
cassette are indicated. (B-E) PCR to confirm Level 1 assembly. Specific primers for the
internal gene (B: GOI-1: C: GOI-2; D: GOI-3: E: aadA) and the promoter/3’UTR of
cassettes 1A, 1B, 1C and 1D (B: C. 1A: C: C. 1B: D: C. 1C: E: C. 1D) have been used.
DNA bands at the predicted molecular weight (kb) confirm correct Level-1 assembly of all
cassettes. Negative controls (blanks) of PCR B-E are indicated. (F) Bpil restriction
digestion of Level-1 vectors. The 4 Level-1 cassettes released after digestion are indicated
with asterisks (size indicated in Table 1). The empty vector 1 (vector position 1 forward) is
used as positive control. The LacZa fragment (0.616 kb) release after digestion of vector 1
is indicated with a triangle. The molecular weight (kb) of backbone vector is indicated with
black arrows. DNA markers are shown in the pictures.
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Figure 3: Level-2 cloning for operon-1. (A) Schematic representation of Level-2 operon-1. Level-1
cassettes 1A, 1B. 1C and 1D are assembled in position 1. 2. 3 and 4 of operon-1. respectively. Promoter
(P: blue): 5” untranslated region (5°: gray): gene of interest (GOI 1-3: red): gene for selection (aadA:
yellow): terminator/ 3 untranslated region (3’: black). The operon-1 is cloned in a Level-2 vector
between left (L: 1.17 kb) and right (R: 1.45 kb) arms homologous to the #nG/trnfM site of potato
plastome. (B-E) PCR to confirm the presence of all genes of operon-1 (3 purified vectors 1-3). Specific
primers for GOI-1 (B), GOI-2 (C). GOI-3 (D) and aad4 (E) have been used. DNA bands at the
predicted molecular weight (kb, black arrows B-E) in both purified plasmid (operon-1) and positive
controls (positive C.) confirm correct Level-2 assembly of operon-1. (F-J) PCR to confirm the correct
order of 4 genes in the operon-1. Pair or primers specific for #nG/GOI-1 (F). GOI-1/GOI-2 (G), GOI-
2/GOI-3 (H), GOI-3/aadA (1) and aadA/trnfM (J) have been used. DNA bands at the predicted
molecular weight confirm the correct order (kb. black arrows F-J). Negative controls (blanks) for PCR.
and DNA markers are shown in panels (B-J).
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Figure 4: Level-1 cloning for the Lux-operon for plastid engineering. (A) Schematic representation of a
Level-1 cassette. Promoter (P: blue): 5” untranslated region (5°: gray): Lux (C. D. 4. B. E or G) or aadA
gene for selection (red): terminator/ 3” untranslated region (3’: black). Bpil sites flanking the Level-1
cassette are indicated. (B-H) PCR to confirm Level 1 assembly. Specific primers for Lux genes (B: Lux-C:
C: Lux-D: D: Lux-A: E: Lux-B: F: Lux-E: G: Lux-G), gene for selection (H: aadA) and the promoter/3’UTR
of cassettes LC1, LD1, LA1,LB1,LE1, LGl and S1 (B: C. LC1: C: C.LD1: D: C. LA1: E: C.LB1: F: C.
LEI: G: C. LG1: H: C. S1) have been used. DNA bands at the predicted molecular weight (kb, black
arrows) confirm correct Level-1 assembly of all cassettes. Negative controls (blanks) of PCR B-H are
indicated. (J) Bpil restriction digestion of Level-1 vectors. Level-1 cassettes released after digestion are
indicated with asterisk (cassette size Table 2). The empty vector 1 (position 1 forward) is used as positive
control. The LacZo: fragment release after digestion of vector-1 is indicated with triangle (0.616 kb). The
molecular weight (kb) of the backbone vector is indicated with black arrows. DNA markers are shown in
the pictures.





image5.png
Figure 5

A

1:LC1 2:LD1 3:LA1 4:1B1 5:LE1 6:LG1 7:81

P-5 Lux T
B . ¢ . D . E ~ F . G H
SO X <‘ & PO S
Q <) < & <) Q
r$ \;*zo%‘;’\@ 'b \5*0 o%‘\\'b @z \9‘ o% m& » \9‘0 o%\\m 'D& \;*0 o%\\\@ r$ \;*0 o%\\\@ 'b \;* o% \@
Lux-C Lux-D Lux-A Lux-B Lux-E Lux-G aadA
| J ~ K ~ O
( & S @*\
R & & & & & Qe
o* \'b \5* PO v \@ o* \'b
I 1i. 1I 2' I I 1I
tmGILux-C Lux-CID Lux-DIA Lux-AIB Lux-BIE Lux-EIG Lux-GlaadA  aadAltrnfM

Figure 5: Level-2 cloning for the 7-gene Lux-operon. (A) Schematic representation of Level-2 assembly of
Lux operon-1. Level-1 cassettes LC1, LD1. LA1, LB1, LE1, LG1 and S1 are assembled in operon position 1,
2.3.4.5.6and 7. respectively. Promoter (P: blue): 5* untranslated region (5°: gray): Lux (C. D. 4. B. E or G:
Red): gene for selection (aadA: yellow): terminator/ 3” untranslated region (3: black). The Lux operon-1 is
cloned in Level-2 vector between left (L: 1.17 kb) and right (R: 1.45 kb) arms homologous to the #rnG/trnfM
site of potato plastome. (B-H) PCR of all genes of the Lux operon-1. Primers specific for Lux-C (B), Lux-D
(C). Lux-A (D). Lux-B (E). Lux-E (F), Lux-G (G) and aad4 (H) have been used. DNA bands at the predicted
molecular weight (kb, black arrows B-H) for both purified plasmid (Lux operon-1) and positive controls
(positive C.) confirmed the presence of all genes. (F-J) PCR to check correct gene order in the Lux operon-1.
Pair or primers specific for #rnG/Lux-C (I). Lux-C/Lux-D (J). Lux-D/Lux-A (K). Lux-A/Lux-B (L), Lux-B/Lux-
E (M), Lux-E/Lux-G (N). Lux-G/aadA (O) and aadA/trnfM (P) have been used. DNA bands (black arrows I-
P) at the predicted molecular weight (kb) confirm correct gene order. Negative controls (blanks) of PCR and
DNA markers are shown in the pictures (B-P).
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Figure 6: An example of in vivo validation of two MoChlo-enabled constructs in potato chloroplasts. (A)
Schematic representation of test operons controlled by two examples of promoter::5"UTR combinations. The
operon (red) is controlled by the 7n promoter (P1) along with a synthetic ribosome binding site as 5"UTR (5°1:
blue and gray: Operon X) or the promoter::5’UTR fusion of accD gene (P2:5°2: blue and gray: Operon Y). The
expression of mEmerald (mEme: green) is under the control of the operon promoter, while the selection gene,
aadA (yellow). is under the control of both promoter::5’UTR (P3-5"; blue and gray) and terminator/ 3"UTR (T:
black) of the psbA gene. (B-I) Confocal images of transplastomic green callus transformed with Operon X (B-E)
or Operon Y (F-I). In both cases the mEmerald fluorescent signal is localized to chloroplasts. (B and F) mEmerald
signal: (C and G) chlorophyll autofluorescence: (D and H) bright-field: (E and I) merged images. Scale bars = 20
um (B-E and F-I).
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Figure 7: Schematic of MoChlo kit for combinatorial assembly of operons for metabolic engineering. In the
current iteration of the kit, combinatorial assembly of individual cassettes (Level-1 constructs) can be conducted
using 47 promoters, 38 5’UTRs, 9 promoter:5 UTR fusions and 10 terminators/ 3°UTRs. In addition, the user has
the ability to assemble up to 7 individual cassettes, each with their own regulatory elements and genes of interest
(GOI). Further, during Level-2 assembly, the user can choose from 3 different integration sites (trnl-trnd: trnV-
3'rps12: trnG-trnfM) from 3 different plant species (Nicotiana tabacum; Zea mays; Solanum tuberosum). After
completing assembly, the user would then bombard the Level-2 constructs into leaf disks, select, and regenerate

transplastomic plants.
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Figure S1: Level-0 modules and directional cloning into Level-1 cassettes. (A) List of Level-0 modules available
in the MoChlo kit. P: promoter (blue); P-U: promoter fused with 5’ untranslated region UTR (blue); U: 5
untranslated region UTR (gray); T: terminator/ 3’ untranslated region UTR (black); GOI: gene of interest. Both 5°
and 3" overhangs of level-0 modules and Level-1 destination vectors are indicated. Bsal sites are shown at both
ends of Level-0 modules and vectors. (B) Possible Level-1 cassettes originated by directional cloning of different
combinations of Level-0 modules (regulatory sequences along with GOIS). For each cassette overhangs
compatible with Level-1 vectors are indicated.
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Figure S2: Directional cloning of Level-1 cassettes into operons of different lengths. (A) Table resuming Level-1
cassettes (C1-7) equipped with specific overhangs for directional cloning of Level-2 operons. Cassettes are either
in forward or reverse orientation depending on the vectors used in Level-1 assembly. End-linkers for each position
in the operon equipped with specific overhangs are indicated. Overhangs of a chloroplast destination vector
Level-2 are indicated. Bpil sites at both ends of cassettes, end-linkers and vector are shown. (B) Assembly of
cassettes and end-linkers forming Level-2 operons of different lengths (operons composed by 1 to 7 cassettes). 5°
and 3’ overhangs compatible with chloroplast destination vectors are indicated. 2
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Figure $3: Level-1 assembly of GOIs. (A) Example of PCR reactions on bacteria colonies
transformed with ligation products of different Level-1 constructs. 10 colonies per each
Level-1 cassettes have been tested. Specific primers for the intemal genes (GOI-I; GOI-2;
GOI-3; GOI-4) have been used to check the presence of Level-1 cassettes. Al tested bacteria
colonies are positives for the presence of Level-1 cassettes confirmed by DNA bands at the
predicted molecular weight (kb). Positive and negative controls (blanks) have been used to
support the PCR reactions. DNA markers are shown in the picture. (B) Example of Blue-
‘White screen of bacteria transformed with ligation products of Level-1 constructs. All
bacteria colonies are white confirming high efficiency of Level-1 assembly.
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Figure S4: Examples of Level-1 cassettes synthesized using the MoClo kit. (A) Table describing Level-1
cassettes cloned in 4 different Level-1 vectors (forward position 1-4). Prrn-RBS (promoter of rrn gene along with
a ribosome binding site); mPr7n (20-46-60%)-RBS (promoter of rrn gene 20, 46 or 60% active along with a
ribosome binding site); IEE (intercistronic expression element); synth RBS (synthetic ribosome binding site);
GOL1-5 (gene of interest 1-5); petD-3'UTR (3'UTR of petD gene). (B) Restriction digestion (Bpil) of
aforementioned Level-1 vectors. The Level-1 cassettes released after digestion are indicated with asterisk (size kb
are indicated in the table). The empty vector-1 (vector position | forward) is used as positive control. The LacZa
operon release after digestion of vector 1 is indicated with triangle (0.616 kb). The molecular weight (kb) of
backbone vector is indicated with black arrows. DNA markers are shown in the pictures. 4
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Figure S5 Colony screening for Level-2 assembly of operon-1 using Bbsl in the
Golden Gate reaction. (A) PCR reactions on bacteria colonies (1-40) transformed
with the ligation product of Level-2 assembly of operon-1. In the first screen, a pair
of primers were used to check the presence of GOI-1. DNA bands at the predicted
molecular weight (kb; black arrow) confirmed the presence of GOI-1 in 21 colonies.
(B-D) PCR reactions on GOI-I positive colonies to check the presence of the other 3

genes. Reactions using primers specific for GOI-2, GOI-3 and aadA are shown in
panel B, C and D, respectively. DNA bands at the predicted molecular weight (kb;
black arrow) confirmed the presence of GOI-2, GOI-3 and aadA genes in 9 GOI-1
positive colonies (indicated in bold). The efficiency of Level-2 assembly of a 4-
‘genes operon using BbsT is about 22.5%. Positive and negative controls (blanks)
along with DNA markers are shown in the pictures.
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Figure S6: Colony screening for Level-2 assembly of operon-1 using Bpil in the Golden Gate
reaction. (4) PCR reactions on bacteria colonies (1-40) transformed with the ligation product of
Level-2 assembly of operon-1. In the first screen, a pair of primers has been used to check the
presence of GOI-1. DNA bands at the predicted molecular weight (kb; black arrow) confirmed the
presence of GOI-I in all 40 colonies. (B-D) PCR reactions on GOI-I positive colonies to check the
presence of the other 3 genes. Reactions using primers specific for GOI-2, GOI-3 and aadA are
shown in panel B, C and D, respectively. DNA bands at the predicted molecular weight (kb; black
arrow) confirmed the presence of GOI-2, GOI-3 and aadA in 37 positive colonies for GOI-1
(indicated in bold). The efficiency of Level-2 assembly of a 4-genes operon using Bpil is about
92.5%. Positive and negative controls (blanks) along with DNA markers are shown in the pictures.
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Figure S7: Level-2 assembly of 2-genes selection cassettes using BbsT in the Golden Gate
reaction. (A) Schematic representation of Level-2 selection operon-1. Level-1 cassettes S3 and S4
are assembled in position 1 and 2, respectively. Promoter (P: blue); 5" untranslated region (5
‘gray); mEmerald gene (red); aadA gene for selection (yellow); terminator/ 3’ untranslated region
(3°: black). The operon is cloned in a Level-2 vector between left (L; 1.17 kb) and right (R; 145
Kb) arms homologous to the tnG/trnfM site of potato plastome. (B) Table describing level-1
cassette 3 and S4. Promoter (P); S’UTR (5" untranslated region); gene of interest (GOI);
terminator/ 3'UTR (3’ untranslated region); cassette size (kb) and position in the operon (forward
position 1-2) are indicated. Prrn (promoter of rrn gene); PpsbA (promoter of psbA gene);
Prm-5"UTR (5'UTR of rn promoter); PpsbA-5’UTR (5'UTR of psbA promoter); mEmerald
(gene encoding mEmerald fluorescent protein); aadA gene for selection (encoding the 3"~
adenylyltransferase); psbA-3'UTR (3"UTR of psbA gene). (C) PCR reactions on bacteria colonies
(1-40) transformed with the ligation product of Level-2 assembly of selection operon-1. A pair of
‘primers specific either for mEmerald or aadA were used. DNA bands at the predicted molecular
‘weight (kb, black arrow) confirm the presence of both genes in all 40 colonies, indicating 100%
efficiency of Level-2 assembly. Positive and negative controls (blanks) along with DNA markers
are shown in the pictures.
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Figure S8: Level-2 assembly of 5 different 4-genes operons. (A) Table describing different Level-2
operons (from 1 to 5). For each operon the Level-1 cassettes and positions are indicated. A description of
Level-1 cassettes is shown in Table 1 and Supplemental Figure S4, A. (B-E) PCR reactions using primers
specific for GOL-1 (B), GOI-2 (C), GOI-3 (D) and aadA (E). The presence of DNA bands at the predicted
‘molecular weight (kb, black arrows) confirm the presence of 4 genes in all operons: operon-1 (1,2);
operon-2; operon-3; operon-4; and operon-S. Positive and negative (blanks) controls along with DNA
markers are shown in the pictures (B-E).
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Figure $9: Level-1 assembly of Level-1 Lux-cassettes. (A) Example of PCR reactions
on bacteria colonies transformed with ligation products of different Level-1 constructs
for Lux operon (Cassette-LC1, LD1, LA1, LBI, LE1, LG1) and selection cassettes
(Cassette-S1, 52). § colonies (colony 1-5) per each constructs have been tested. A pair of
primers specific for RB/LB located at both sites of the cassettes have been used to check
the presence of all Level-1 cassettes. The presence of DNA bands at the predicted
‘molecular weight (kb) confirms that all tested bacteria colonies, except three for LC1, are
positives. Positive and negative controls (blanks) along with DNA markers are shown in
the picture. (B) Example of Blue-White screen of bacteria transformed with ligation
products of Level-1 constructs indicated above. All bacteria colonies are white
confirming high efficiency of Level-1 assembly.
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Figure $10: Colony screening for Level-2 assembly of Lux operon-1 using Bpil in the
Golden Gate reaction. (A) PCR reactions on bacteria colonies (1-40) transformed with
the ligation product of Level-2 assembly of Lux operon-1. A pair of primers specific for
Lux-C has been used for the first PCR screen. DNA bands at the predicted molecular
weight (kb, black arrow) confirmed the presence of Lux-C in 28 colonies. (B) PCR
reactions on Lux-C positive colonies to check the presence of the other § Lux genes
along with aadA. Specific primers for Lux-D, Lux-A, Luv-B, Lux-E, Lix-G and aadA
have been used for reactions indicated panels. DNA bands at the predicted molecular
weight (kb, black arrow) confirm the presence of all Lux genes together with aadA in
26 colonies (indicated in bold). The efficiency of Level-2 assembly of a 7-genes
operon using Bpil is about 65%.Positive and negative controls (blanks) along with
DNA markers are shown in the pictures,
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Figure S11: Colony screening for Level-2 assembly of Lux operon-1 using BbsT in the
Golden Gate reaction. (A) PCR reactions on bacteria colonies (1-80) transformed with
the ligation product of Level-2 assembly of Lux operon-1. All 80 colonies have been
‘grown on spectinomycin confirming the presence of aad gene. A pair of primers
specific for Lux-C has been used for the first PCR screen. DNA bands at the predicted
‘molecular weight (kb, black arrow) confirmed the presence of Lux-C in 7 colonies. (B~
G) PCR reactions on Lux-C positive colonies to check the presence of the other 5 Lux
‘genes. Specific primers for Lux-C, Lux-D, Lux-A, Lux-B, Lux-E and Lux-G have been
used for reactions shown in panel B, C, D, E, F and G, respectively. DNA bands at the
predicted molecular weight (kb, black arrow) confirm the presence of all Lux genes in
one colony (indicated in bold). The efficiency of Level-2 assembly of a 7-genes operon
using Bbsl is about 1.25%. Positive and negative controls (blanks) along with DNA
‘markers are shown in the pictures.
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