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ABSTRACT OF THE DISSERTATION 

Novel Tools for Plastid Engineering in Higher Plants 

By QIGUO YU 

 

Dissertation Director: 

Dr. Pal Maliga 

 

 

Plastid genome engineering holds great promise in many biotechnological 

applications, including production of vaccines and antibodies, conferring insect 

tolerance by expressing dsRNAs, implanting novel metabolic pathways and 

improving photosynthetic efficiency and so on. However, the plastid transformation 

technology is not yet available in most crop plants.  

I was part of the group that developed a system for plastid transformation in 

Arabidopsis thaliana, a Brassicaceae species, that is potentially applicable to the 

important oilseed crop canola (Brassica napus) and vegetable brassicas such as 

broccoli, cauliflower and cabbage (Brassica oleracea).  Efficient plastid 

transformation is enabled by eliminating a duplicate fatty acid biosynthetic pathway 

in chloroplasts.  

High level expression of recombinant proteins is desirable, but it may cripple 

the plant growth. To achieve on demand expression of plastid transgenes, I was 

involved in a project that exploited the use of an engineered PPR (pentatricopeptide) 
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RNA-binding protein for post-transcriptional regulation of chloroplast genes. One 

application is ethanol-inducible expression of chloroplast proteins by activating 

mRNA translation when the protein is needed. Thus, the transplastomic plants can 

be grown full size in the absence of the inducer and expression is turned on during 

the protein production phase. The second application is tuber-specific expression of 

plastid genes where plastid gene expression is normally very law. When the 

engineered PPR variant is expressed from a tuber-specific patatin promoter, a 60-

fold increase over 0.02%, the maximum protein yield achieved to date, has been 

obtained in the potato tuber.  

Plastids represent an appealing target for synthetic biology applications, 

where predictable protein output is of paramount importance. I designed synthetic 

operons from which reporter gene expression could be obtained in tobacco 

chloroplasts over a large dynamic range by post-transcriptional regulation, using the 

right combination of RNA binding proteins, RNA-binding protein binding sites and 

RNA processing elements.   
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INTRODUCTION 

 

Plant cells contain DNA in three cellular compartments: the nucleus, plastids, and 

mitochondria. Plastids derive from an endosymbiotic event that evolved by 

conversion of an engulfed cyanobacterium into a cellular organelle. Of the 

thousands of genes in the cyanobacterial ancestor, only approximately 100 genes 

are retained in the plastid genome. The plastid genetic system maintained many 

prokaryotic features. Now it depends on about ~3, 000 nuclear genes, the products 

of which are imported into the chloroplast.  

The advantages of expressing transgenes in the plastid genome include1,2:  

(1) High expression levels. Plastids organelles carry 1, 000 to 10, 000 copies of the 

~150-kb circular genome. The target protein may accumulate up to about 70% of 

total soluble protein.  

(2) Predictable gene expression. The target gene is integrated into the chloroplast 

genome by homologous recombination, thus transgenes from multiple events are 

expressed at the same level.  

(3) Operons expression. Polycistronic chloroplast transcription units resemble 

bacterial operons, simplifying the incorporation of heterologous biochemical 

pathways.  

(4) Transgene containment. In most species, the plastid genomes are transmitted 

maternally, providing a natural barrier to spreading transgenes by pollen.  
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(5) Plastid transformation enables the improvement of plant productivity by 

engineering the photosynthetic machinery, the production of pharmaceuticals and 

industry enzymes.  

Plastid transformation is not available in Arabidopsis thaliana, the most 

advanced plant model species. The first objective of my research was to develop 

plastid transformation in Arabidopsis thaliana, so that basic research can benefit 

from the many nuclear mutants in studies of plastid function (Chapters 1 and 2).  

Constitutive high-level expression of transgenes is undesirable, because expression 

of the transgene places metabolic burden on the plants. The second objective of my 

research was to develop regulated chloroplast expression systems, so that gene 

expression is turned on when and where it is needed (Chapters 3 and 4). The third 

objective of my research was to develop regulatory elements to control the plastid 

gene expression across a dynamic range (Chapter 5 and 6). These new research tools 

will facilitate synthetic biology applications in higher plants. 

 

Development of plastid transformation in Brassicaceae - Chapters 1 and 2  

Plastid transformation is routine in tobacco (Nicotiana tabacum) but has been 100-

fold less frequent in Arabidopsis thaliana, preventing its use in plastid biology. We 

hypothesized that plastid transformation efficiency should increase in 

the acc2 background, because when ACC2 is absent, fatty acid biosynthesis 

becomes dependent on translation of the plastid-encoded ACC β-carboxylase 

subunit. I bombarded ACC2-defective Arabidopsis leaves with a vector carrying a 
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selectable spectinomycin resistance (aadA) gene and gfp, encoding the green 

fluorescence protein GFP and found that plastid transformation efficiency is 

increased 100-fold. Although I obtained transplastomic events, we did not obtain 

fertile transplastomic plants in the Slavice and Columbia acc2 knockout 

backgrounds. The Wassiliewaskija (Ws-2) and RLD accessions are known to 

efficiently respond to growth regulators by shoot induction but are tolerant to the 

spectinomycin due to the presence of a functional ACC2. I generated acc2 knockout 

line using CRISPR/Cas9 in Ws-2 and RLD and documented higher plastid 

transformation efficiency that their respective wild type backgrounds. The results 

of my research have been described in two publications3,4. 

 

Exploring the potential of PPR proteins for the design of regulatory systems 

for plastid transgenes – Chapters 3 and 4 

 

Plastid organelles carry 1000 to 10000 copies of the ~150-kb circular genome. The 

target protein may accumulate up to about 20% of total soluble protein. However, 

constitutive expression of the transgene compromises the plant growth. The 

objective of this project is to develop a regulated chloroplast transgene expression 

system, so that the gene expression is turned on when it is needed. I employed a 

modified PPR10 RNA-binding protein that facilitates translation from a modified 

RNA binding site. In the absence of the modified PPR10* protein, the mRNA of 

interest is not translated, because the native PPR10 protein does not bind the mutant 
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target site. When the PPR10* is expressed from a nuclear gene, PPR10* binds to 

the mutant target site and the mRNA of interest is translated. To test the utility of 

this system, I expressed the modified PPR10* from a tuber specific promoter. 

When the PPR10 variant is expressed from the tuber-specific patatin promoter, GFP 

accumulated up to 1.3% of total soluble protein, a 60-fold increase over 0.02%, the 

maximum protein yield achieved to date in potato tuber. This regulatory system 

enables an increase in transgene expression in non-photosynthetic plastids without 

interfering with chloroplast gene expression in leaves 5. Simultaneously, in 

collaboration with Dr. Alice Barkan’s laboratory (University of Oregon), an 

analogous system was developed to control chloroplast transgene expression with 

an ethanol inducible promoter driving the engineered PPR10* expression in the 

nucleus. When expressed from an ethanol;-inducible nuclear transgene, the 

engineered PPR10 protein stimulates expression of chloroplast transgenes up to 

~40-fold, with maximal protein abundance approaching that of Rubisco6.  

 

Dicistronic operons for predicable protein output in chloroplasts – Chapter 5 

and 6 

The plastid is becoming an appealing chassis for the synthetic biology applications. 

However, it is still lagging behand than that in bacteria or yeast. One of the major 

challenges standing in the way is the shortage of well-defined regulatory expression 

elements. I designed dicistronic operons in which a constant 1:1 mRNA 

stoichiometric ratio is maintained between the ORFs by expressing them on an 
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unprocessed mRNA. I found the protein accumulation is dependent on the 

translation efficiency of the individual ORFs7. Furthermore, we placed a series of 

atpH 5’ UTRs in the intergenic region between the ORFs and obtained different 

levels of transgene expression, indicating that native chloroplast cis-elements can 

be utilized to regulate plastid transgene expression across large dynamic range in 

synthetic operons8.  
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CHAPTER 1 

Efficient Plastid Transformation in ACC2-Defective Arabidopsis 

 

Abstract 

Plastid transformation is routine in tobacco, but 100-fold less frequent in 

Arabidopsis, preventing its use in plastid biology. A recent study revealed that null 

mutations in ACC2, encoding a plastid-targeted acetyl-CoA-carboxylase, cause 

hypersensitivity to spectinomycin. We hypothesized that plastid transformation 

efficiency should increase in the acc2 background, because when ACC2 is absent, 

fatty acid biosynthesis becomes dependent on translation of the plastid-encoded 

ACC β-Carboxylase subunit. We bombarded ACC2-defective Arabidopsis leaves 

with a vector carrying a selectable spectinomycin resistance (aadA) gene and gfp, 

encoding the green fluorescence protein GFP. Spectinomycin resistant clones were 

identified as green cell clusters on a spectinomycin medium. Plastid transformation 

was confirmed by GFP accumulation from the second open reading frame of a 

polycistronic mRNA, that would not be translated in the cytoplasm. We obtained 

one to two plastid transformation events per bombarded sample in spectinomycin 

hypersensitive Slavice (Sav-0) and Columbia acc2 knockout backgrounds, an 

approximately 100-fold enhanced plastid transformation frequency. Sav-0 and 

Columbia are accessions in which plant regeneration is uncharacterized or difficult 

to obtain. A practical system for Arabidopsis plastid transformation will be obtained 

by creating an ACC2 null background in a regenerable Arabidopsis accession. The 
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recognition that the duplicated ACCase in Arabidopsis is an impediment to plastid 

transformation provides a rational template to implement plastid transformation in 

related recalcitrant crops. 

 

Introduction 

Plastids are semi-autonomous plant organelles with thousands of copies of the 

approximately 155-kb genome localized in 10 to 100 plastids per cell. The plastid 

genome of higher plants encodes about one hundred genes, the products of which 

assemble with approximately 3,000 nucleus-encoded proteins to form the plastid 

transcription and translation machinery and carry out complex metabolic functions, 

including photosynthesis, and fatty acid and amino acid biosynthesis. Plastid 

transformation is routine only in tobacco (Nicotiana tabacum) 1,2, but reproducible 

protocols for plastid transformation have also been described in tomato 3, potato 4, 

lettuce 5,6 and soybean 7. Still, the technology is available in only a relatively small 

number of crops. Arabidopsis thaliana, the most widely used model plant is one of 

the species that is recalcitrant to plastid transformation. In Arabidopsis, only 2 

transplastomic events were identified in 201 samples 8, a sample size that would 

have yielded approximately 200 events in tobacco using the technology available in 

1998. Until now the reasons for the low efficiency in Arabidopsis were not 

understood.  

Spectinomycin, the agent for selection of transplastomic events, binds to the 16S 

ribosomal RNA, blocking translation on the prokaryotic type 70S plastid ribosomes 
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9,10 inhibiting greening and shoot regeneration in tissue culture cells 1. When the 

plastid genome is transformed with the aadA gene encoding aminoglycoside-3”-

adenylyltransferase (AAD), the AAD protein modifies the antibiotic such that it no 

longer binds to the 16S rRNA and translation proceeds, enabling greening. Tobacco, 

when cultured on a spectinomycin medium, bleaches and proliferates at a slow rate 

due to inhibition of plastid translation. Transplastomic tobacco cells are identified 

by the ability to green and regenerate shoots in spectinomycin-containing tissue 

culture medium. In contrast, Brassica napus, a close relative of Arabidopsis 

thaliana, bleaches but continues to proliferate as albino shoots on a spectinomycin 

medium in the absence of chloroplast ribosomes 11. Two major studies by Parker et 

al. 12,13 revealed the existence of rare Arabidopsis accessions, in which plastids are 

extremely sensitive to spectinomycin. Seeds of most accessions in the study 

germinated on spectinomycin and developed into small albino seedlings or rosettes, 

including RLD (Reduced number of Long Days, Rschew), the accession used in the 

1998 plastid transformation experiment. However, seeds from hypersensitive 

accessions germinated but did not develop beyond the cotyledonary stage. Genetic 

analysis revealed that spectinomycin sensitivity of hypersensitive accessions is due 

to mutations in the ACC2 nuclear gene. The ACC2 gene produces the homomeric 

acetyl-CoA-carboxylase (ACCase) that is imported into plastids, and in tissue 

culture partially duplicates the function of heteromeric ACCase, one subunit of 

which is encoded in the plastid accD gene (Fig. 1-1A). When plastid translation is 

blocked by spectinomycin, no heteromeric ACCase is made, and the homomeric 
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enzyme enables a limited amount of fatty acid biosynthesis to occur, thereby 

reducing the impact of the absence of heteromeric enzyme in culture, making 

spectinomycin selection inefficient. In the absence of a functional ACC2 gene, fatty 

acid biosynthesis is dependent on the availability of heteromeric ACCase enzyme, 

the β-carboxylase subunit of which is translated on plastid ribosomes (Fig. 1-1B).  

We hypothesized that inefficient plastid transformation in our original study was 

due to tolerance of Arabidopsis to spectinomycin and that transformation of 

hypersensitive mutants defective in ACC2 function should result in efficient 

recovery of transplastomic clones. We report here that the efficiency of plastid 

transformation in the acc2 background is increased approximately 100-fold and 

comparable to that of tobacco, confirming our hypothesis. 

 

Results 

Plastid Transformation with vector pATV1 and Identification of 

Transplastomic Events 

The plastid transformation vector pATV1 targets insertion upstream of the trnV 

gene in the inverted repeat region of the plastid genome (Fig. 1-2A). Vector pATV1 

carries a dicistronic operon, in which the first open reading frame (ORF) encodes 

the aadA spectinomycin resistance gene and the second ORF encodes a green 

fluorescence protein (GFP) (Fig. 1-2A). Polycistronic mRNAs are not translated on 

the eukaryotic-type 80S ribosomes in the cytoplasm, thus accumulation of GFP in 

chloroplasts in spectinomycin-resistant clones indicates plastid transformation. 
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Plastid transformation was carried out in the Col-0 (Columbia) accession and the 

Columbia ACC2 T-DNA insertion line acc2-1 (SALK_148966C), which was shown 

by Parker et al. 12 to be hypersensitive to spectinomycin. We also evaluated plastid 

transformation efficiency in the Sav-0 (Slavice) accession that was the most 

sensitive to spectinomycin in the study of Parker et al. 12. The Sav-0 ACC2 gene 

carries 15 missense mutations, however the hypersensitivity to spectinomycin is 

thought to be due to one mutation (G135E) that alters a conserved residue 

immediately preceding the biotin carboxylase domain 13. Plants were grown 

aseptically on Arabidopsis Revised Medium with 5% sucrose (ARM5 medium) (Fig. 

1-3A); leaves for plastid transformation were harvested from plants grown under 

aseptic conditions and placed on ARMI media (see Methods). The leaf tissue was 

bombarded with gold particles coated with vector DNA. After two days, the leaves 

were stamped with a stack of razor blades, cut into 1 cm2 pieces and transferred onto 

the same medium (ARMI) containing spectinomycin (100 mg/L; Fig. 1-3B) to 

facilitate preferential replication of plastids containing transformed ptDNA copies. 

The ARMI medium induces division of the leaf cells and formation of colorless, 

embryogenic callus. After 7-10 days of selection on ARMI medium, spectinomycin 

selection was continued on the ARMIIr medium, which induces greening. Since 

spectinomycin prevents greening of wild-type cells, only spectinomycin-resistant 

cells formed green calli. Visible green cell clusters appeared within 21 to 40 days 
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on the selective ARMIIr medium (Fig. 1-3C). Illumination of plates with UV light 

revealed intense fluorescence of GFP in the green calli (Fig. 1-3D).   

In the wild-type Col-0 sample (4 bombarded plates), no transplastomic event was 

found. We obtained 8 events in 5 bombarded plates using leaf tissue in the acc2-1 

mutant background and 4 events in 4 bombarded plates in the Sav-0 accession 

(Table 1-1). This transformation efficiency is comparable to the transformation 

efficiency obtained with current protocols in tobacco, 4 to 5 transplastomic events 

per bombardment 14.  

This is a significant advance, as high frequency plastid transformation in 

Arabidopsis has been pursued since the publication of the original report in 1998 8. 

Since 2007, 26 plates of RLD and 5 plates of Landsberg erecta (Ler) leaf tissue 

were bombarded; none of which yielded a transplastomic event (Table 1-1). In 

contrast, 9 bombardments of leaves with the acc2 null background yielded 12 

transplastomic clones. Even though the technology significantly improved since 

1998, no transplastomic clones were obtained until ACC2 defective leaf tissue was 

used for bombardments (Table 1-1), providing overwhelming support for the 

absence of ACC2 activity being critical for high frequency plastid transformation in 

Arabidopsis thaliana.  

 

Confocal Microscopy to Confirm Transplastomic events 

GFP is encoded in the second ORF, thus GFP accumulation is expected only if the 

mRNA is translated in plastids on the prokaryotic type 70S ribosomes known to 
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translate polycistronic mRNAs 15. Thus, GFP accumulation was anticipated only if 

the gfp gene is expressed in chloroplasts. 

Putative transplastomic lines were identified by green cell cluster formation 

and were confirmed as transplastomic events by detecting localization of GFP to 

plastids by confocal microscopy (Fig. 1-4). Overlay of the GFP and chlorophyll 

channels indicates that the clones are heteroplastomic, carrying transformed and 

wild type plastids in the same cells. A good example for mixed plastids is shown in 

the overlay of GFP and chlorophyll channels in Col-0 acc2-1 #3 in Fig. 1-4. The 

chloroplasts were not well developed in most tissue culture cells. Chlorophyll was 

detected in only a localized region of plastids in line with thylakoid biogenesis 

initiating from a localized center 16. Good examples are overlays of Col-0 acc2-1 #5 

and Sav-0 #1 in Fig. 1-4. 

The heteroplastomic state detected in the cells of the green clusters was not 

maintained, and eventually wild-type plastids (ptDNA) disappeared in the callus 

cells after continued cultivation on selective media. The homoplastomic state is 

confirmed by uniform accumulation of GFP in the leaves of a Sav-0 #6 plant shown 

in Fig. 1-4 and DNA gel blot analyses of calli shown in Fig. 1-2B.     

 

Regeneration of Transplastomic Sav-0 Plants and Transmission of GFP to Seed 

Progeny 

After bombardment of Col-0 and Sav-0 leaves, selection of transplastomic events 

was carried out according to the published RLD protocol 8. However, when the 
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transplastomic clones were transferred to the RLD shoot-induction medium (ASI-

N1B1 medium), the calli did not proliferate. Therefore, we transferred the 

transplastomic calli to media that were successfully used to regenerate plants from 

other accessions. We found that the two-step regeneration protocol described for 

shoot induction in the C24 background 17 triggered shoot regeneration in two 

surviving Sav-0 calli. Calli of Sav-0 transplastomic lines #3 and #6 were briefly (3 

days) exposed to callus induction medium containing 0.5 mg/L 2,4-D and 0.05 mg/L 

kinetin, and then transferred to a shoot regeneration medium containing 0.15 mg/L 

IAA and 1.6 mg/L phenyl-adenine. Phenyl-adenine is a potent compound for shoot 

regeneration through inhibition of CYTOKININ OXIDASE/DEHYDROGENASE 

activity 17.  Shoots from the calli developed in 45 to 60 days; flowered and formed 

siliques in sterile culture in 250 ml Erlenmeyer flasks (Fig. 1-3E). The plants 

intensely glow when illuminated with UV light, indicating high-level GFP 

accumulation (Fig. 1-3F). Confocal microscopy suggests uniform transformation of 

plastid genomes in the leaves of regenerated Sav-0 #6 plants (Fig. 1-4) and was 

confirmed by molecular analyses (Fig. 1-2B).  

 The transplastomic shoots were transferred to larger 500 ml Erlenmeyer 

flasks containing ARM medium for seed set where they continued to grow. It is 

noteworthy that the shoots did not have any roots or rosette leaves, thus they could 

be best described as inflorescence cultures. The siliques harvested from the Sav-0 

#6 plants were empty, while the Sav-0 #3 shoots produced six seeds. One 
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transplastomic Sav-0 #3 seed germinated on spectinomycin. The cotyledons of this 

seedling fluoresce under UV light, indicating GFP accumulation (Fig. 1-3G).  

 

Molecular Analysis of Transplastomic Arabidopsis Clones 

DNA and RNA gel blot analyses was carried out on the callus and shoots of Sav-0 

transplastomic lines #3 and #6. Wild type plastids present in the cells of the green 

clusters were gradually lost by the time DNA gel blot analyses was carried out, 

confirming uniform transformation of the plastid genomes in both calli and shoots 

(Fig. 1-2B). RNA gel blot analyses indicate the presence of a 2.0-kb dicistronic 

transcript, detected by both the aadA and gfp probes (Fig. 1-2C).  

 

Discussion 

Development of a Plastid Transformation Protocol in Arabidopsis 

We report here approximately 100-fold enhanced plastid transformation efficiency 

per bombardment in the acc2 null background: 8 events in five bombarded samples 

in the Col-0 acc2-1 line and 4 events in four bombarded samples in the Sav-0 

background. The increase from 1 event per approximately 100 bombardments to 1 

event per one bombardment is in part due to technological advances. However, the 

lack of success with the latest technology in a large number of bombarded samples 

(Table 1-1) provides overwhelming evidence that the key to success was the choice 

of Arabidopsis lines lacking ACC2 activity. 
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Identification of transplastomic events in the RLD ecotype took 5 to 12 

weeks in 1998 8. Use of spectinomycin sensitive acc2 knockout lines and the pATV1 

dicistronic operon vector shortened the time period for identification of 

transplastomic events to 3 to 5 weeks. Use of the acc2 knockout lines shortened 

scoring because proliferation of non-transformed cells was efficiently inhibited by 

spectinomycin, enabling identification of the spectinomycin resistant green cell 

clusters. Spectinomycin resistance may be due to integration of aadA in the plastid 

genome, integration of aadA in the nuclear genome and fortuitous expression from 

an upstream promoter, or spontaneous mutations in the rrn16 gene 2. GFP, encoded 

in the second ORF is expressed only in the chloroplasts, enabling rapid 

identification of transplastomic clones in a small number of heteroplastomic cells 

by confocal microscopy.  

Once transplastomic clones are identified, the next major step is plant 

regeneration. There is diversity for shoot regeneration potential in Arabidopsis 

accessions. Columbia is well known for its recalcitrance to shoot regeneration from 

cultured cells. Therefore, no attempt was made to regenerate shoots from the Col-0 

transplastomic callus tissue. There is no information about the tissue culture 

properties of the Sav-0 accession. Our first attempts at Sav-0 shoot regeneration 

from the transplastomic clones proved successful, yielding flowering shoots in 

culture (Fig. 1-3E). However, the seeds, with one exception, failed to germinate. 

Seed viability was apparently compromised by somaclonal variation, accumulated 

genetic changes due to the tissue remaining in culture for close to a year’s time 18.  
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The first step towards obtaining a system that yields fertile transplastomic 

Arabidopsis will be obtaining ACC2 null mutations in regenerable accessions. Shoot 

regeneration protocols have been worked out from root 19 and leaf explants 20 of the 

RLD accession; and from protoplasts 21, leaf explants 22 and inflorescence stem 

explants 23 of the Wassilewskya (Ws) accession. Thus, RLD and Ws will be our 

targets for ACC2 mutagenesis. 

 

Plastid Transformation in Arabidopsis Provides Template for Recalcitrant 

Crops 

The recognition that the duplicated ACCase in Arabidopsis is an impediment to 

plastid transformation provides a rational template to implement plastid 

transformation in all Arabidopsis accessions, and in crops having a plastid-encoded 

accD gene and a plastid targeted ACC2 enzyme. The Arabidopsis thaliana ACC2 

enzyme has an N-terminal extension compared to ACC1 (Fig. 1-5).  The N-terminal 

extension is a plastid targeting sequence, as shown by subcellular localization of a 

GFP fusion protein 24. The ACC1 and ACC2 genes are present in most Brassicaceae 

species, including Arabidopsis lyrata, Camelina sativa, Camelina rubella, Brassica 

oleracea, Brassica napus and Brassica rapa. The homomeric ACC2 enzyme in 

these species has an N-terminal extension compared to ACC1 (Fig. 1-5)25. Thus, a 

targeted mutation in the ACC2 N-terminal extension should create a spectinomycin 

hypersensitive variant. Plastid transformation has been achieved in cabbage 

(Brassica oleracea L. var. capitata L.). Thus, knockout of ACC2 is apparently not 
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necessary to obtain transplastomic events in this crop, at least in the two cultivars 

tested 26,27. Plastid transformation in cauliflower (Brassica oleracea var. botrytis) 

has been obtained at a very low frequency 28. Plastid transformation in oilseed rape 

(Brassica napus) has also been obtained, but no homoplastomic plants could be 

obtained 29,30. Plastid transformation in Lesquerella fendleri, another oilseed crop in 

the Brassicaceae, was feasible but inefficient 31. Deletion of ACC2 in the latter cases 

is expected to boost plastid transformation efficiency.   

 

Materials and Methods 

Tissue Culture Media 

The tissue culture media were adopted from Sikdar et al. 8, originally described by 

Marton and Browse 19. The culture media are based on MS salts 32. Arabidopsis 

Revised Medium (ARM): MS salts, 3% sucrose, 0.8% agar (A7921; Sigma, St. 

Louis, MO), 200 mg myo-inositol, 0.1 mg biotin (1 mL of 0.1 mg/mL stock) and 1 

mL vitamin solution (10 mg vitamin B1, 1 mg vitamin B6, 1 mg nicotinic acid, 1 

mg glycine per mL) per liter, pH 5.8. ARM5 medium: ARM medium supplemented 

with 5% sucrose. ARMI medium: ARM medium containing 3 mg indolacetic acid 

(IAA), 0.6 mg benzyladenine (BA), 0.15 mg 2,4-dichlorophenoxyactetic acid and 

0.3 mg isopentenyladenine (IPA) per liter. ARMIIr medium: ARM medium 

supplemented with 0.2 mg/L naphthaleneacetic acid and 0.4 mg isopentenyladenine 

per liter. The stocks of filter sterilized plant hormones and antibiotics (100 mg/L 

spectinomycin HCl) were added to media cooled to 45oC after autoclaving.  
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Shoot regeneration in the transplastomic Sav-0 clones was obtained on an 

ARM medium containing 2,4-D (0.5 mg/L), kinetin (0.05 mg/L) and spectinomycin 

(100 mg/L)(3 days) followed by incubation on an ARM medium containing IAA 

(0.15 mg/L), Phenyl-Adenine (1.6 mg/L) and spectinomycin (100 mg/L) 17. Seed 

was obtained by growing shoots on MS salt medium containing 3% sucrose, 0.8 % 

agar (A7921; Sigma, St. Louis, MO), pH 5.8. 

 

Plant Materials and Growth Conditions 

The Sav-0 (CS28725) and Columbia homozygous acc2-1 knockout line 

(SALK_148966C) seeds were obtained from The Arabidopsis Biological Resource 

Center, The Ohio State University. The Columbia (Col) seed was obtained from 

Prof. Juan Dong, Rutgers University. The RLD and Landsberg erecta (Ler) seed was 

purchased form Lehle Seeds, Round Rock, TX.  

 For surface sterilization, seeds (25 mg) were treated with 1.7% sodium 

hypochlorite (5x diluted 8.5% commercial bleach) in a 1.5 ml Eppendorf tube for 

15 min. with occasional mixing (Vortex). The bleach was removed by pipetting and 

washed 3x with sterile distilled water. Seeds were germinated on 50 ml ARM5 

medium in deep petri dishes (20 mm high, 10 cm in diameter). The plates were 

illuminated for 8 hours using cool-white fluorescent tubes (2,000 lux). The seeds 

germinated after 10-15 days of incubation at 24oC.  To grow plants with larger 

leaves, seedlings were individually transferred to ARM5 plates (4 plants per deep 

petri dish). The plates were illuminated for 8 hours with cool-white fluorescent 
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bulbs (2000 lux) and incubated at 21oC during the day and 18oC during night. 1 to 

2 cm long, dark green leaves were harvested for bombardment after incubation for 

an additional 5 to 6 weeks. 

 

Plastid Transformation and Selection of Transplastomic Lines 

The plastid transformation vector pATV1 reported here targets insertion in the 

inverted repeat region of the plastid genome upstream of the trnV gene (Fig. 1-2). 

The DNA sequence was deposited in GenBank under accession no. MF461355. The 

pAAK176 and pTT626 plastid transformation vectors share the plastid-targeting 

region with vector pATV1. The pAAK176 vector carries the 

Prrn:LrbcL:aadA:TpsbA marker gene present in vector pHK34 33. The aadA gene 

is between two loxP sites which facilitate the excision of the marker gene, leaving 

behind a loxP target site 34. The pTT626 plastid transformation vector encodes 

aadA-gfp fusion protein 35 in PrrnLcry/TpsbA cassette 36.  

Plastid transformation in Arabidopsis was carried out using our 1998 protocol, as 

shown in Fig. 1-3 8. The leaves (each 10 to 20 mm) were harvested from aseptically 

grown plants and covered the surface of agar-solidified ARMI medium in a 10 cm 

petri dish. We used 100 to 120 leaves to cover the surface of the plate. The leaves 

were cultured for 4 days on ARMI medium, then bombarded with pATV1 vector 

DNA. Transforming DNA was coated on the surface of microscopic (0.6 μm) gold 

particles, then introduced into chloroplasts by the biolistic process (1,100 psi) using 
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a helium-driven PDS1000/He biolistic gun equipped with the Hepta-adaptor 37. The 

plates were placed on the shelf at the lowest position for bombardment.   

 Following bombardment, the leaves were incubated for two additional days 

on ARMI medium. After this time period, the leaves were stamped with a stack of 

10 razor blades to create parallel incisions 1 mm apart. The stamped leaves were cut 

into smaller (1 cm2) pieces and transferred onto the same medium (ARMI) 

containing 100 mg/L spectinomycin and incubated at 28oC illuminated for 16 hours 

with fluorescent tubes (CXL F025/741). After 8 to 10 days, the leaf strips were 

transferred onto selective ARMIIr medium containing 100 mg/L spectinomycin for 

the selection of spectinomycin resistant clones. The leaf strips were transferred to a 

fresh selective ARMIIr medium every two weeks until putative transplastomic 

clones were identified as resistant green calli.  

 

Confocal Microscopy to Detect GFP in Plastids 

Subcellular localization of GFP fluorescence was determined by a Leica TCS SP5II 

confocal microscope. To detect GFP and chlorophyll fluorescence, excitation 

wavelengths were at 488 nm and 568 nm, and the detection filters were set to 500-

530 nm and 650-700 nm, respectively.  

 

DNA and RNA Gel Blot Analyses  

Total leaf DNA was prepared by the cetyltrimethylammonium bromide (CTAB) 

protocol 38. DNA gel blot analyses was carried out as described 2. Total cellular 
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DNA was digested with the EcoRI restriction enzyme. The DNA probe was the 

ApaI-SphI ptDNA fragment encoding the plastid rrn16 gene (Fig. 2).   

 Total cellular RNA was isolated from leaves frozen in liquid nitrogen using 

TRIzol (Ambion/Life technologies), following the manufacturer’s protocol. RNA 

gel blot analyses was carried out as described 33. The probes were: aadA, 0.8-kb 

NcoI-XbaI fragment isolated from plasmid pHC1 39; gfp, fragment amplified from 

gfp coding region using primers gfp-forward p1(5’-

TTTTCTGTCAGTGGAGAGGGTG-3’) and gfp-reverse p2 (5’-

CCCAGCAGCTGTTACAAACT-3’; Fig. 2).  

 

Alignment of Homomeric ACCases 

Alignment of homomeric ACCases in the Brassicaceae family was carried out with 

the MultAlin software 40. 

 

Accession Numbers 

DNA sequence of the pATV1 Arabidopsis plastid transformation vector is deposited 

in GenBank under accession number MF461355.  
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 Figure 1-1. Elimination of ACC2 function makes plastid transformation efficient 

in Arabidopsis. A, Heteromeric ACCase (hetACC) localizes in the chloroplast and 

is encoded by nuclear genes CAC1-A (At5g16390; Biotin Carboxyl Carrier Protein 

1 (BCCP-1)), CAC1-B (At5g15530; Biotin Carboxyl Carrier Protein 2 (BCCP-2)) 

(not depicted), CAC2 (At5g35360; Biotin Carboxylase (BC)), CAC3 (At2g38040, 

α subunit of Carboxyltransferase (α-CT) and the plastid encoded gene accD 

(AtCg00500; (β subunit of Carboxyltransferase (β-CT)). The homomeric ACC1 

(At1g36160; homACCase) enzyme localizes in the cytoplasm and the ACC2 

(At1g36180; homACCase) enzyme is imported into the chloroplast via the 

TIC/TOC membrane protein complex. If translation of the plastid accD mRNA is 

blocked by spectinomycin, the nuclear homomeric ACC2 gene enables a limited 

amount of fatty acid biosynthesis, thereby reducing the impact of the absence of 

heteromeric enzyme in culture, making spectinomycin selection inefficient. B, In 

hypersensitive acc2 mutants, the absence of the homomeric ACCase makes the cells 
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dependent on plastid translation to produce the heteromeric ACCase enzyme for 

fatty acid biosynthesis.   
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Figure 1-2. Molecular characterization of the Sav-0 transplastomic clones. A, Map 

of the plastid genome with the integrated aadA-gfp dicistronic operon. The NruI-

XbaI region is contained in the plastid transformation vector pATV1. P and T mark 

the position of PrrnLatpB promoter and TpsbA terminator in the dicistronic vector. 

The black box at the aadA N-terminus marks the atpB Downstream Box sequence 

33.  The ribosome entry site is marked by black semi-ovals. Positions of the rrn16 

and trnV plastid genes and relevant restriction enzyme sites are marked. Thick black 

and red lines indicate probes used for DNA and RNA gel blot analysis, respectively. 
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B, DNA gel blot using the rrn16 probe (Fig. 1-2A) indicates that the transplastomic 

Sav-0 calli and leaves are homoplastomic, carrying only the 4.7-kb EcoRI fragment 

and lacking the 2.7-kb wild type fragment. C, RNA gel blot analyses using both the 

aadA and gfp probes (Fig. 1-2A) recognize the same 2 kb dicistronic mRNA. 
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Figure 1-3. Identification of Arabidopsis transplastomic clones. A, Sterile Sav-0 

plants grown in Petri dishes (diameter 10 cm) for six weeks. B, Two days after 

bombardment the Sav-0 leaves are incised and transferred to selective 

spectinomycin (100 mg/L) medium. C, Sav-0 leaves on selective medium one 

month after bombardment. Note scanty callus formation and green cell cluster 

(arrow). D, Culture shown in Fig. 1-3C, illuminated with UV light. Note green 

fluorescence indicating GFP accumulation in green cell cluster. E, Sav-0 plant 

regenerated from a transplastomic clone #6 in sterile culture. F, Culture shown in 

Fig. 1-3E, illuminated with UV light. G, Sav-0#3 seed progeny illuminated with UV 

light. The bar is 1 mm. 
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Figure 1-4. The green fluorescent protein (GFP) accumulates in chloroplasts.  

Shown are confocal images collected in the GFP, chlorophyll, and merged channels 

on a Leica TCS SP5II confocal microscope. Excitation wavelengths were at 488 nm 

and 568 nm, detection at 500-530 nm and 650-700 nm, respectively. Note absence 

of GFP and chlorophyll in the wild-type Col-0 callus cells and mixed GFP 
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expressing transgenic and wild type plastids in the Col-0-acc2-1#1 and Sav-0 #6 

lines. Note the absence of wild type plastids in the leaves of Sav-O#6 plants. Yellow 

color in the merged images indicates co-localization of GFP to chlorophyll in 

plastids. Bar represents 10 μm. Note that cells in the small green cell clusters are 

heteroplastomic. The only exception are cells in Sav-0#6 leaves, which are 

homoplastomic due to prolonged selection in tissue culture. 
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Figure 1-5. Alignment of homomeric ACCases in the Brassicaceae family. A, 

Alignment of 200 the N-terminal amino acids of Arabidopsis thaliana ACC1 

(At1g36160) and ACC2 (At1g36180) genes. B, Alignment of 200 the N-terminal 

amino acids of Arabidopsis thaliana ACC1: At1g36160;  Arabidopsis lyrata ACC1: 

XM_002891166.1; Camelina sativa ACC1-1: LOC104777496;  Camelina sativa 

ACC1-2: LOC104743830;  Capsella rubella ACC1: CARUB_v10011872mg; 

Brassica oleracea ACC1: LOC106311006; Brassica napus ACC1-1: 

LOC106413885; Brassica napus ACC1-2: LOC106418889; Brassica rapa ACC1: 

LOC103833578. C, Alignment of 300 the N-terminal amino acids of Arabidopsis 

thaliana ACC2: At1g36180; Arabidopsis lyrata ACC2: XM_002891167.1; 

Camelina sativa ACC2-1: LOC104777495; Camelina sativa ACC2-2: 

LOC104742086; Capsella rubella ACC2: CARUB_v10008063mg; Brassica 

oleracea ACC2: LOC106301042; Brassica napus ACC2-1: Y10302; Brassica 

napus ACC2-2: X77576; Brassica rapa ACC2: LOC103871500. 
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Table 1-1. Identification of transplastomic events in Arabidopsis 

Au, gold particles; Hepta, usin  g the Biolistic gun Hepta adaptor instead of a single 

flying disk; Tu, tungsten particles. 
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CHAPTER 2 

New Tools for Engineering the Arabidopsis Plastid Genome 

 

Abstract 

Arabidopsis thaliana is the most characterized model plant and is used to study all 

aspects of basic science. The exception is that studies involving plastid genome 

engineering are carried out in Nicotiana tabacum, the only higher plant species 

where plastome engineering is routine 1. Plastid transformation in Arabidopsis was 

reported in 1998 but only one transplastomic event was obtained per 100 bombarded 

samples; an efficiency 100-times lower than in tobacco 2.  A clue to why 

Arabidopsis plastid transformation was inefficient came years later from a study on 

nuclear genes essential for survival in the absence of chloroplast translation. Parker 

et al. 3 determined that most Arabidopsis ecotypes are tolerant to spectinomycin, the 

selective agent used in plastid transformation, due to a duplication of the ACCase 

enzyme. Spectinomycin is an inhibitor of plastid translation which curtails callus 

proliferation and greening in all species where it has been used to successfully 

recover transplastomic events 4. In most Arabidopsis ecotypes, spectinomycin does 

not impair callus proliferation unless the ecotype carries a mutation in the nuclear 

ACC2 gene. When the nuclear ACC2 gene is not functional, the cells depend on the 

heteromeric ACCase enzyme for fatty acid biosynthesis, one subunit of which is 

encoded on the plastid genome 3.  We hypothesized that Arabidopsis plastid 

transformation inefficiency was due to tolerance of the RLD ecotype to 
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spectinomycin. The finding that plastid transformation in the spectinomycin 

hypersensitive Col-0 acc2-1 and Sav-0 background proved 100-fold more efficient 

5 corroborated this. However, the transplastomic plants regenerated from leaves 

failed to produce viable seed. Ruf et al. 6 confirmed that it is essential to carry out 

plastid transformation in an ACC2 knockout background and showed that switching 

to root explants instead of leaves as the bombardment material in the C24 ecotype 

yields fertile plants. We report here the creation of spectinomycin hypersensitive 

lines in the Arabidopsis ecotypes RLD and Wassilewskija (Ws). We also extend the 

observation that it is essential to use the ACC2 knockout background to transform 

the RLD and Ws ecotypes, indicating that the need to use a knockout recipient is 

probably true of all Arabidopsis ecotypes. We also report new Arabidopsis plastid 

transformation vectors that are suitable for the insertion of transgenes. In addition, 

we document significant differences in plastid transformation rates among different 

Arabidopsis ecotypes using a leaf system that enables rapid scoring of 

transplastomic callus events.  

 

Results 

To enable plastid transformation in additional Arabidopsis ecotypes, RLD and 

Wassilewskija (Ws) were chosen because efficient plant regeneration protocols are 

available for these ecotypes 7-10.  We designed a 20-bp sgRNA to target to the ACC2 

N-terminal chloroplast transit peptide, thereby avoiding mutagenesis of the 

cytoplasmic ACC1 coding region (Fig. 2-1A, Fig. 2-3). The same sgRNA was used 
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to edit ACC2 in the conserved region of RLD and Ws ecotypes (Fig. 2-1B). Putative 

mutants were identified by the T7 Endonuclease I assay that detects imperfectly 

matched DNA, and mutations were verified by direct sequencing of PCR products 

(Fig. 2-1C). The most readily identifiable mutations in ACC2 are the 17-nt and 10-

nt deletions in the RLD acc2-3 and Ws acc2-3 lines, respectively. The nucleotide 

insertions and deletions created a stop codon close to the target site which resulted 

in early translation termination in the ACC2 reading frame (Fig. 2-3). 

Spectinomycin hypersensitivity of homozygous knockout lines was confirmed by 

germinating the seedlings on a selective spectinomycin medium, where wild type 

seedlings develop leaves and the knockout lines fail to develop any structure at the 

shoot apex (Fig. 2-1D) 3. Under standard growth conditions, the knockout plants are 

fully fertile and produce seed.  

Testing of plastid transformation efficiency was carried out with the pATV1 

vector used in our earlier study 5 and the newly constructed pMEK14 vector (Fig. 

2-2B). Vector pMEK14 is based on the pMEK18/pMEK19 backbone that carries a 

multiple cloning site to facilitate the insertion of passenger genes (Fig. 2-2A). The 

left targeting region of the pMEK vectors is truncated at the HindIII site in the 

plastid rrn16 gene to enable utilization of the EcoRI-HindIII multiple cloning site. 

The multiple cloning site is adopted from the pUC18/pUC19 cloning vectors, which 

are routinely used for gene assembly in chloroplast engineering laboratories 11. The 

pATV1 and pMEK14 vectors carry the same dicistronic aadA-gfp operon and target 

insertions between the plastid trnV gene and 3’-rps12/rps7 operon in the inverted 
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repeat region of the plastid genome (Fig. 2-2A). The first open reading frame (ORF) 

of the operon encodes aminoglycoside-3”-adenylyltransferase (AAD) that confers 

spectinomycin resistance to transformed cells. The second ORF encodes the green 

fluorescent protein (GFP) used for visual identification of transplastomic clones 

under UV light and confocal microscopy 5. Truncation of the left targeting region 

in the pMEK vectors does not appear to have an impact on plastid transformation 

efficiency (Table 2-1). 

Plastid transformation efficiency was evaluated by bombarding leaves, and 

culturing them on the one-step selective SPEED medium containing 100 mg/L 

spectinomycin for evaluation of transformation efficiency . Spectinomycin at this 

concentration severely inhibits callus proliferation in the ACC2-knockout leaves 

(Fig. 2-4). Spectinomycin resistant cells divide and form pale green and dark green 

clusters, but no shoots on the SPEED callus induction medium. Transplastomic cells 

are readily identified by GFP fluorescence five to six weeks after bombardment (Fig. 

2-2C). Plastid transformation in these clones was confirmed by DNA gel blot 

analyses (Fig. 2-2D) and confocal microscopy (Fig. 2-2E). We note that calli no. 25, 

27, 33 and 40 obtained with vector pATV1 and no. 86 obtained with vector pMEK14 

were homoplastomic after one round of selection. This contrasts with tobacco, 

where typically multiple rounds of selection are required to obtain homoplasmy.  

Spontaneous mutations in the plastid 16S rRNA genes or nuclear insertions of aadA 

may also confer resistance to spectinomycin 12.  These cell clusters appear green due 

to chlorophyll accumulation but do not fluoresce under UV light (Fig. 2-2C).  
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A comparison of plastid transformation efficiency in the wild-type and 

knockout backgrounds for Col-0, RLD and Ws confirmed the absolute necessity for 

an ACC2 defective background for the recovery of transplastomic events (Table 2-

1). Only one transplastomic event was recovered in 23 samples with wild-type 

backgrounds, but many were obtained for all knockout backgrounds. Herein, 

transformation efficiencies varied significantly. The Col-0 acc2 line yielded an 

average of 8 transplastomic events per bombarded sample. On the other extreme, 

Sav-0 yielded 1 event for every 2-4 bombarded samples. The poor transformation 

efficiency observed in Sav-0 may be due to the presence of a full length ACC2 open 

reading frame with 15 missense mutations that may have maintained some residual 

enzymatic activity 13. The reasons for higher plastid transformation efficiency in the 

Col-0 background are not understood and remain to be explored. 

 

Discussion 

Here we advance efforts to develop plastid transformation in Arabidopsis by 

developing a system for rapid evaluation of plastid transformation efficacy, 

complete with new transformation vectors, culture media and new RLD and Ws 

ACC2-knockout lines that expand the range of accessions available for 

experimentation. While the root system has proven its value by yielding fertile 

plants, leaf explants offer the advantage of recovering transplastomic events in 35 

to 42 days (5 to 6 weeks), instead of the 120-240 days required in the root 

system6.  Here we exploited the system to evaluate the impact of truncating the left 
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targeting region of the pMEK vectors.  This rapid scoring system could also be used 

to evaluate new selective marker genes. However, endoreduplication in leaf tissues 

likely fostered the sterility that we encountered in plants regenerated from leaf 

tissue5.  An alternative approach to overcome this issue may be to work with very 

young leaves or to explore the use of the BABY BOOM gene, which has the 

potential to preserve the diploid state in leaves8.  Systematic research in the two 

systems will lead to reproducible protocols for plastid transformation in Arabidopsis 

to produce fertile transplastomic plants in an optimized timeframe.  This will enable 

full exploitation of Arabidopsis as the model system.  

 

Materials and Methods 

Plant Materials and Growth Conditions  

The Arabidopsis thaliana RLD seeds were purchased from Lehle Seeds, Round 

Rock, TX 78681, USA. The Col-0, Ws seeds were obtained from Prof. Juan Dong, 

Rutgers University. Sav-0 (CS28725) and Col-acc2 (SALK_148966C) knockout 

seeds were ordered from the Arabidopsis Biological Resource Center. Seeds were 

surface sterilized with 5-fold diluted Clorox bleach (1.7% w/v sodium hypochlorite) 

in a 1.5 mL Eppendorf tube for 15 min. After removing the bleach, the seeds were 

washed three times with sterile distilled water. Seeds were germinated on ARM5 

medium in deep petri dish (20 mm high and 10 cm in diameter) illuminated for 8 

hours with cool-white fluorescent tubes (GE F34CW-RS-WM-Eco) at 21oC during 

the day and 18oC during the night. After 5 to 6 weeks, about 2-cm long green rosette 
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leaves were harvested for bombardment. Plants for nuclear transformation were 

cultivated in soil in a growth chamber illuminated Sylvania Octron 32W 4100K 

lights for 16 hours at 21oC. 

 

Deletion of ACC2 by the CRISPR/Cas9 System  

Genomic sequences of the ACC2 gene (At1g36180) in the RLD and Ws ecotypes 

were gleaned from the Genome Browser-Arabidopsis 1001 

(http://signal.salk.edu/atg1001/3.0/gebrowser.php) and aligned with the ACC2 gene 

in Col-0 with MultAlin software 15. The At1g36180 gene model (Fig. 2-1A) was 

annotated based on the Seqviewer website (https://seqviewer.arabidopsis.org).  

Targeted mutations in ACC2 were obtained using the CRISPR/Cas9 system 

described by Mao et al. 14.  Plasmid p998 contains a cas9 gene driven by the 

Arabidopsis UBQ1 promoter. The expression of the sgRNA is under the control of 

the Arabidopsis RNA polymerase III U6 promoter. The sgRNA targeting ACC2 was 

designed using website https://zlab.bio/guide-design-resources. After 

phosphorylation and annealing sgRNA-ACC2-F2 

gattgCCTCACGAATATATCTCCA and sgRNA-ACC2-R2 

aaacTGGAGATATATTCGTGAGGc, the forward and reverse oligonucleotides 

were ligated into the BbsI-digested p998 vector. The CRISPR/Cas9 cassette was 

cloned into pCAMBIA-2300 vector, which was introduced into Agrobacterium 

tumefaciens GV3101 strain. The RLD and Ws plants were transformed with 

Agrobacterium using the standard floral dipping protocol 17. Seedlings carrying the 
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CRISPR/Cas construct were identified by kanamycin resistance on a medium 

containing half-strength MS salts 18 and 50 mg/L kanamycin. Plants carrying 

mutations in the target gene were screened by the T7 endonuclease I assay that 

detects mismatched DNA and the mutations were identified by Sanger sequencing 

of PCR amplicons. Genomic DNA was prepared with a standard 

cetyltrimethylammonium (CTAB) method 19 and the amplicons for sequencing were 

obtained with forward primer 5’- TGGGTGAAGGAGTGTGTTGT-3’ and reverse 

primer 5’-AGCCCATGTTCTGACACTACG-3’.  

 

Plastid Transformation Vectors 

Arabidopsis plastid transformation vectors pATV1, pMEK14, and 

pMEK18/pMEK19 are pBSKS+ plasmid derivatives. They are all derivatives of 

plasmid pGS6, a pBSKS+ plasmid carrying the KpnI/SacI plastid DNA fragment of 

RLD Arabidopsis ecotype (Lehle Farms, TX), encoding the rrn16, trnV, and 

3’rps12/7 genes.  Plasmid pBEN1 was obtained by ligation of the KpnI site of 

pBSKS+ to the NruI site in the plastid DNA, and the XbaI site in the plastid DNA 

to the SacI site of the vector. pATV1 is a pBEN1 derivative, into which the 

dicistronic aadA-gfp gene (SacI-HindIII fragment) was cloned at the HincII 

restriction site (GenBank Accession No. MF461355. The plastid DNA to the left of 

the multiple cloning site (left targeting region, Fig. 2-2A) in vectors 

pMEK18/pMEK19 has been truncated by ligating the BspQI site in the pBSKS+ 

backbone to the HindIII site in the ptDNA insert. The re-created HindIII site was 
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subsequently removed and a multiple cloning site inserted at the HincII site. Thus, 

the pMEK vectors have a shorter left flanking region relative to pATV1 (1055bp 

versus 1665bp). The EcoRI-HindIII multiple cloning site in the vectors is in the 

opposite relative orientation in pMEK18 (GenBank Accession No. MN326017) and 

pMEK19 (GenBank Accession No. MN326018) and is flanked by blunt sites for the 

insertion of marker genes.  Vector pMEK14 is a construction intermediate, which 

carries the same aadA-gfp dicistronic marker as pATV1 and some additional 

restriction sites.  

The pATV1 and pMEK14 vectors carry the same dicistronic aadA-gfp 

operon. The operon is expressed from the tobacco rrn operon promoter (Prrn, 

labeled as “P”); aadA has the leader sequence of the tobacco plastid atpB gene 

(LatpB); gfp has the Bacillus thuringiensis Cry9Aa2 gene leader sequence 

(LCry9Aa2); and the 3’ UTR of plastid psbA gene (TpsbA, labeled as “T”) 5.  

 

Plastid Transformation  

The one-step selective culture medium for the evaluation plastid transformation 

efficiency to obtain expedited detection (SPEED medium) is based on the ARM 

medium described for Arabidopsis 2,7. ARM consists of MS salts, 3% (w/v) sucrose, 

0.8% (w/v) agar (A7921; Sigma), 200 mg of myoinositol, 0.1 mg of biotin (1 mL of 

0.1 mg/mL stock), and 1 mL of vitamin solution (10 mg of vitamin B1, 1 mg of 

vitamin B6, 1 mg of nicotinic acid, and 2 mg of glycine per mL) per liter, pH 5.8. 

The medium contains 0.5 mg/L a-naphthaleneacetic acid (NAA), 3.0 mg/L Dicamba 
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20 and 1.0 mg/L 6-(3-hydroxybenzylamino) purine (meta-topolin) 9, and 100 mg/L 

spectinomycin.  

Arabidopsis plastid transformation was carried out by the 1998 biolistic 

protocol 2, using the PDS-1000He biolistic gun equipped with a hepta adaptor 21.  

Approximately 70 green leaves (10~20 mm long) were harvested from the 

aseptically grown plants in deep petri dishes on ARM5 medium and tightly arranged 

abaxial side up on SPEED medium in a 10 cm diameter petri dish. The leaves were 

bombarded with DNA-coated 0.6 µm gold particles and incubated for an additional 

two days in the absence of selection. Two days after bombardment the leaves were 

transferred, adaxial side up, to selective SPEED medium containing 100 mg/L 

spectinomycin. Every two weeks, the leaves were transferred to fresh selective 

SPEED medium. After five to six weeks the leaf cultures were screened for 

transplastomic events by illumination with a handheld UV light (Model UVL-56, 

manufactured by UVP, Upland, CA, 91786).  

 

DNA Gel-Blot Analyses 

DNA extraction and DNA gel blot hybridizations were carried out as previously 

described 23. The only deviation from the published protocol was the use of a 

modified Church buffer (0.5M Na2HPO4, 7% SDS, 10mM EDTA, Ph 7.2) instead 

of the Rapid-hyb Buffer (GE Healthcare, Piscataway, NJ, USA). Briefly, total callus 

DNA was isolated by the CTAB protocol 21 and digested with the EcoRI restriction 

endonuclease. The digested fragments were separated in an agarose gel and 
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transferred to a nitrocellulose membrane. The DNA probe was the ApaI-SphI 

ptDNA fragment of the 16S rRNA coding region (Fig. 2-2B) labelled with the 

Takara Bio. Inc. Random Primer DNA Labeling Kit.  

 

Confocal Laser Scanning Microscopy 

GFP fluorescence was detected by a Leica TCS SP5II confocal laser-scanning 

microscope. To detect GFP and chlorophyll fluorescence, the excitation wavelength 

were 488 nm and 568 nm, and the detection filters was set to 500-530 nm and 650-

700 nm, respectively.   
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Figure 2-1. Generation of ACC2 knockout lines using the CRISPR/Cas9 system. A, 

Map of the Arabidopsis thaliana ACC2 gene. The region targeted by sgRNA is 

boxed.  A single nucleotide polymorphism (SNP) in Col is highlighted in green. The 

protospacer-adjacent motif (PAM) is underlined. B, Schematic diagram of the 

sgRNA and Cas9 genes 14. The 1st nucleotide of the sgRNA was changed from “C” 

to “G” (in red) to facilitate transcription from the U6 promoter by RNA polymerase 

III. C, Targeted mutations induced by CRISPR/Cas9 in the ACC2 gene. We show 
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sequences in the targeted region aligned by the MultAlin software 15. D, ACC2 

mutations make RLD and Ws hypersensitive to spectinomycin (100 mg/L). Note 

the arrested growth at the cotyledon stage and lack of shoot apex in the acc2 lines, 

and outgrowth of the true leaves and development of shoot in wild type plants. 
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Figure 2-2. Plastid transformation in Arabidopsis thaliana. A, The plastid 

targeting region of the pMEK18 (GenBank Accession No. MN326017) and 

pMEK19 (MN326018) Arabidopsis plastid transformation vectors. The map 

position of plastid rrn16 and trnV genes and the promoter region of 3’-rps12/7 

operon is shown as well as relevant restriction enzyme sites.  B, Arabidopsis 

plastid genome transformed with the pATV1 (MF461355) and pMEK14 vectors. 

The vectors carry an identical dicistronic operon encoding an aadA and a gfp gene. 
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The position of the PrrnLatpB promoter (P), TpsbA Terminator (T) and ribosome 

binding site (semi-ovals) is indicated. The black box at the aadA N-terminus 

marks the atpB Downstream Box sequence 16.  Vector pMEK14 has a shorter left 

flanking region relative to pATV1 (1055bp versus 1665bp; targeting regions are 

shown as dashed lines). The thick black line indicates the probe used for the DNA 

gel blot analyses. C, Col-0 acc2 transplastomic event (white arrow; fluoresces 

under UV light) and spontaneous spectinomycin resistant mutant or aadA nuclear 

insertion line (black arrow; green in normal light) one month after leaf 

bombardment. D, DNA gel blot using the rrn16 probe (Fig. 2-2B) confirms plastid 

transformation in GFP-expressing Col-0 acc2 clones. Plastid DNA transformed 

with vector pATV1 and pMEK14 yields a 4.7 kb and 1.8 kb EcoRI fragment, 

respectively. The 2.7 kb fragment is present in the wild-type and heteroplastomic 

samples.  E, Confocal microscopy to detect GFP accumulation in Col-0 acc2 

chloroplasts. Arrow points to a stromule connecting two chloroplasts. Bar=10μm. 

Merge 1 refers to the overlap of GFP and chlorophyll channels. Merge 2 refers to 

the overlap of GFP, chlorophyll and bright fields. 
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>Col-0-WT 
ATGGAGATGAGAGCTTTGGGTTCTTCGTGTTCTACTGGTAATGGAGGTTCTGCTCC
GATTACCCTCACGAATATATCTCCATGGATCACAACAGTTTTTCCGTCGACAGTGAA
GCTGAGAAGTAGTTTGAGAACCTTCAAAGGAGTTTCGTCAAGAGTGAGAACCTTTA
AAGGAGTTTCTTCGACAAGAGTTTTGTCTCGGACCAAACAACAGTTTCCTCTGTTTT
GTTTCCTAAACCCTGATCCGATCTCCTTCTTGGAAAATG 
>Col-0-WT 1st exon amino acids 
MEMRALGSSCSTGNGGSAPITLTNISPWITTVFPSTVKLRSSLRTFKGVSSRVRTFKGV
SSTRVLSRTKQQFPLFCFLNPDPISFLEN 
 
 
>RLD-WT 
ATGGAGATGAAAGCTTTGGGTTCTTCGTGTTCTACTGGTAATGGAGGTTCTGCTCC
AATTACCCTCACGAATATATCTCCATGGATCACAACAGTTTTTCCGTCGACAGTGAA
GCTGAAAAGTAGTTTGAGAACCTTCAAAGGAGTTTCGTCAAGAGTGAGAACCTTTAA
AGGAGTTTCTTCGACAAGAGTTTTGTCTCGGACCAAACAACAGTTTCCTCTGTTTTG
TTTCCTAAACCCTGATCCGATCTCCTTCTTGGATAATG 
>RLD-WT. 1st exon amino acids 
MEMKALGSSCSTGNGGSAPITLTNISPWITTVFPSTVKLKSSLRTFKGVSSRVRTFKGV
SSTRVLSRTKQQFPLFCFLNPDPISFLDN 
 
>RLD-acc2 #1  
ATGGAGATGAAAGCTTTGGGTTCTTCGTGTTCTACTGGTAATGGAGGTTCTGCTCC
AATTACCCTCACGAATATATCTTCCATGGATCACAACAGTTTTTCCGTCGACAGTGA
AGCTGAAAAGTAGTTTGAGAACCTTCAAAGGAGTTTCGTCAAGAGTGAGAACCTTTA
AAGGAGTTTCTTCGACAAGAGTTTTGTCTCGGACCAAACAACAGTTTCCTCTGTTTT
GTTTCCTAAACCCTGATCCGATCTCCTTCTTGGATAATG 
>RLD-acc2 #1. 1st exon amino acids 
MEMKALGSSCSTGNGGSAPITLTNISSMDHNSFSVDSEAEK* 
 
>RLD-acc2 #2  
ATGGAGATGAAAGCTTTGGGTTCTTCGTGTTCTACTGGTAATGGAGGTTCTGCTCC
AATTACCCTCACGAATATATCTAATGGATCACAACAGTTTTTCCGTCGACAGTGAAG
CTGAAAAGTAGTTTGAGAACCTTCAAAGGAGTTTCGTCAAGAGTGAGAACCTTTAAA
GGAGTTTCTTCGACAAGAGTTTTGTCTCGGACCAAACAACAGTTTCCTCTGTTTTGT
TTCCTAAACCCTGATCCGATCTCCTTCTTGGATAATG 
>RLD-acc2 #2. 1st exon amino acids 
MEMKALGSSCSTGNGGSAPITLTNISNGSQQFFRRQ* 
 
>RLD-acc2 #3 
ATGGAGATGAAAGCTTTGGGTTCTTCGTGTTCTACTGGTAATGGAGGTTCTGCTCC
AATTACCATGGATCACAACAGTTTTTCCGTCGACAGTGAAGCTGAAAAGTAGTTTGA
GAACCTTCAAAGGAGTTTCGTCAAGAGTGAGAACCTTTAAAGGAGTTTCTTCGACAA
GAGTTTTGTCTCGGACCAAACAACAGTTTCCTCTGTTTTGTTTCCTAAACCCTGATC
CGATCTCCTTCTTGGATAATG 
>RLD-acc2 #3. 1st exon amino acids 
MEMKALGSSCSTGNGGSAPITMDHNSFSVDSEAEK* 
 
 
>Ws-WT 
ATGGAGATGAAAGCTTTGGGTTCTTCGTGTTCTACTGGTAATGGAGGTTCTGCTCC
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AATTACCCTCACGAATATATCTCCATGGATCACAACAGTTTTTCCGTCGACAGTGAA
GCTGAAAAGTAGTTTGAGAACCTTCAAAGGAGTTTCGTCAAGAGTGAGAACCTTTAA
AGGAGTTTCTTCGACAAGAGTTTTGTCTCGGACCAAACAACAGTTTCCTCTGTTTTG
TTTCCTAAACCCTGATCCGATCTCCTTCTTGGATAATG 
>Ws-WT. 1st exon amino acids 
MEMKALGSSCSTGNGGSAPITLTNISPWITTVFPSTVKLKSSLRTFKGVSSRVRTFKGV
SSTRVLSRTKQQFPLFCFLNPDPISFLDN 
 
>Ws-acc2 #1 
ATGGAGATGAAAGCTTTGGGTTCTTCGTGTTCTACTGGTAATGGAGGTTCTGCTCC
AATTACCCTCACGAATATATCTTCCATGGATCACAACAGTTTTTCCGTCGACAGTGA
AGCTGAAAAGTAGTTTGAGAACCTTCAAAGGAGTTTCGTCAAGAGTGAGAACCTTTA
AAGGAGTTTCTTCGACAAGAGTTTTGTCTCGGACCAAACAACAGTTTCCTCTGTTTT
GTTTCCTAAACCCTGATCCGATCTCCTTCTTGGATAATG 
>Ws-acc2 #1. 1st exon amino acids 
MEMKALGSSCSTGNGGSAPITLTNISSMDHNSFSVDSEAEK* 
 
 
>Ws-acc2 #2 
ATGGAGATGAAAGCTTTGGGTTCTTCGTGTTCTACTGGTAATGGAGGTTCTGCTCC
AATTACCCTCACGAATATATCTCATGGATCACAACAGTTTTTCCGTCGACAGTGAAG
CTGAAAAGTAGTTTGAGAACCTTCAAAGGAGTTTCGTCAAGAGTGAGAACCTTTAAA
GGAGTTTCTTCGACAAGAGTTTTGTCTCGGACCAAACAACAGTTTCCTCTGTTTTGT
TTCCTAAACCCTGATCCGATCTCCTTCTTGGATAATG 
>Ws-acc2 #2. 1st exon amino acids 
MEMKALGSSCSTGNGGSAPITLTNISHGSQQFFRRQ*  
 
 
>Ws-acc2 #3 
ATGGAGATGAAAGCTTTGGGTTCTTCGTGTTCTACTGGTAATGGAGGTTCTGCTCC
AATTACCCTCACGAATATATCACAACAGTTTTTCCGTCGACAGTGAAGCTGAAAAGT
AGTTTGAGAACCTTCAAAGGAGTTTCGTCAAGAGTGAGAACCTTTAAAGGAGTTTCT
TCGACAAGAGTTTTGTCTCGGACCAAACAACAGTTTCCTCTGTTTTGTTTCCTAAAC
CCTGATCCGATCTCCTTCTTGGATAATG 
>Ws-acc2 #3. 1st exon amino acids 
MEMKALGSSCSTGNGGSAPITLTNISQQFFRRQ* 
 
Figure 2-3. DNA sequence and translation of the region targeted by the sgRNA in 

exon 1 of the ACC2 gene. Amino acids that deviate from the wild type are in red. 

Genomic sequences of ACC2 (At1g36180) in RLD and Ws were gleaned from the 

Genome Browser-Arabidopsis 1001 

(http://signal.salk.edu/atg1001/3.0/gebrowser.php). 



 

 

52 

  



 

 

53 

Figure 2-4. Callus phenotype of the wild-type and acc2 knockout leaf explants.  

Abundant callus forms on the wild-type leaf explants while spectinomycin (100 

mg/L) effectively suppresses callus formation of acc2 knockout explants on the 

selective SPEED medium.  

 

 

Table 2-1. The frequency of transplastomic events (TP) in Arabidopsis leaf 

culture.  
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CHAPTER 3 

Engineered PPR proteins as inducible switches to activate the expression of 

chloroplast transgenes 

 

Abstract 

The engineering of plant genomes presents exciting opportunities to modify 

agronomic traits and to produce high-value products in plants. Expression of foreign 

proteins from transgenes in the chloroplast genome offers advantages that include 

the capacity for prodigious protein output, the lack of transgene silencing, and the 

ability to express multicomponent pathways from polycistronic mRNA. However, 

there remains a need for robust methods to regulate plastid transgene expression. 

We designed orthogonal activators that boost expression of chloroplast transgenes 

harboring cognate cis-elements. Our system exploits the programmable RNA 

sequence-specificity of pentatricopeptide repeat proteins, and their native functions 

as activators of chloroplast gene expression. When expressed from nuclear 

transgenes, the engineered proteins stimulate expression of plastid transgenes up to 

~40-fold, with maximal protein abundance approaching that of Rubisco. This 

strategy provides a means to regulate and optimize the expression of foreign genes 

in chloroplasts, and to avoid deleterious effects of foreign products on plant growth. 

 

Introduction 
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The development of methodologies for manipulating chloroplast genomes 1, 2 

presents exciting opportunities for use of the chloroplast as a biofactory to produce 

foreign products 3-5. Chloroplast genes encode some of the most abundant proteins 

in nature, implying that the chloroplast gene expression system has the capacity for 

very high protein output. Indeed, chloroplast transgenes have been reported to yield 

as much as 70% of the soluble protein in tobacco seedlings 6, vastly exceeding 

outputs reported for nuclear transgenes. Chloroplast transgenes integrate at 

specified sites by homologous recombination and they are not subject to epigenetic 

silencing, ensuring stable expression from one generation to the next 3. In addition, 

the fact that native chloroplast genes are expressed from polycistronic transcription 

units makes chloroplasts especially attractive for the incorporation of multigene 

pathways 7-15.  

 A challenge that stands in the way of fulfilling this promise is that expression 

of chloroplast transgenes often compromises growth of the host plant 16. This may 

be due to toxicity of the foreign products or to diversion of resources from host 

functions. In either case, this limitation could be circumvented by maintaining low 

chloroplast transgene expression until shortly before harvest. Toward this end, 

several systems have been developed to induce chloroplast transgenes in tobacco, 

including methods based on the lac regulatory system 17, an inducible T7 RNA 

polymerase 14, and a modified sigma factor 18. The most promising such system to 

date uses a theophylline-inducible riboswitch to activate translation of a plastid 

encoded T7 RNA polymerase, which in turn drives transgene transcription 19. Still, 
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the dynamic range of this system (roughly 7-fold) and maximal protein yield (~1.75% 

of leaf protein) remain modest.  

Recent advances in understanding mechanisms by which native chloroplast 

genes are activated by nucleus-encoded pentatricopeptide repeat (PPR) proteins 

offer new opportunities for the engineering of regulatory systems to control the 

expression of chloroplast transgenes. PPR proteins are helical repeat proteins that 

influence various RNA-mediated steps in gene expression in mitochondria and 

chloroplasts 20. PPR proteins have tandem degenerate repeating units 21 that stack to 

form an elongated surface that binds single-stranded RNA via a modular 1 repeat-1 

nucleotide recognition mode 20. Nucleotide specificity is strongly influenced by the 

identity of amino acids at two positions in each repeat 22, which form a network of 

hydrogen bonds with the aligned nucleobase 23. This binding mode is analogous to 

that by which TALE and PUF proteins bind specific DNA and RNA sequences, 

respectively 24. The “PPR code” can be used to change the specificities of native 

PPR proteins in a predictable fashion 22, 25, 26, or to design synthetic proteins with 

desired sequence specificities 23, 27. 

We demonstrate here that engineered PPR-encoding genes in conjunction 

with cognate binding sites upstream of plastid transgenes can be used to build a 

robust inducible switch for plastid transgenes. Our approach exploits the maize 

protein PPR10, which activates expression of the chloroplast atpH gene via well-

defined mechanisms. PPR10 binds an RNA segment of ~20 nucleotides mapping a 

short distance upstream of the atpH ribosome binding site. PPR10 stimulates atpH 
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expression by blocking 5’à3’ exoribonucleolytic decay and by increasing 

translational efficiency 28, 29. Ribosome profiling analysis of ppr10 mutants showed 

that the expression of atpH is reduced ~70-fold in the absence of PPR10 30. 

Furthermore, atpH is the most efficiently translated of any chloroplast mRNA in 

wild-type maize seedling leaves 31.  Site-directed mutations in PPR10 produced 

variants with altered sequence-specificity, as predicted by the PPR code 22, 32. We 

reasoned, therefore, that these PPR10 variants expressed from the nuclear genome, 

in conjunction with a cognate binding site upstream of chloroplast transgenes, could 

be used to build orthogonal switches for transgene activation, with low basal 

expression and high activated protein output. These predictions were borne out by 

the results described below. 

 

Results 

Our general strategy is diagrammed in Fig. 3-1a. A PPR10 variant with amino acid 

changes that alter its sequence specificity (PPR10*) is expressed from the nuclear 

genome. This protein is targeted to the chloroplast, where it binds a cognate RNA 

sequence in the 5’-UTR of the transgene. The PPR10* binding sites have sequences 

that we predicted would interact poorly, if at all, with endogenous tobacco PPR10. 

Consequently, we anticipated that the plastid transgene would be expressed at low 

levels in the absence of PPR10*, and that PPR10* expression would activate the 

plastid transgene by stabilizing its RNA transcript and increasing translational 

efficiency (Fig. 3-1a).  
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The plastid reporter genes were provided with 5’-UTRs matching the 97-

nucleotides upstream of the maize atpH start codon, excepting two nucleotides in 

the PPR10 binding site that were changed to correspond with the specificity of the 

PPR10 variants (Fig. 3-6a). We tested two PPR10 variants, which have amino acid 

substitutions in two adjacent PPR motifs that change their specificity from 

pyrimidines to either GG or AA (Fig. 3-1b). These variants are denoted PPR10GG 

and PPR10AA, respectively, and their binding sites are referred to below as the “GG 

site” and “AA site”.  Comprehensive analyses of the sequence specificities of wild-

type PPR10 and these variants in vitro 22, 32 predict that the variants would bind 

negligibly to the endogenous atpH binding site in tobacco or to any other sequences 

in the tobacco plastid transcriptome, and that tobacco PPR10 would bind negligibly 

to these introduced sites (see binding site sequences in Fig. 3-1b). We tested the 

effects of the GG site in both a monocistronic and dicistronic reporter context (Fig. 

3-1c), and we compared the efficacy of the CaMV 35S promoter, a soybean heat 

shock promoter 33 and an ethanol inducible promoter 34 to drive expression of the 

nucleus-encoded PPR10 variants (Fig. 3-6b). The chloroplast and nuclear 

transgenes were introduced into separate plants, whose progeny were then crossed 

together.  Evidence for homoplasmy of the modified chloroplast genomes is shown 

in Fig. 3-6c.  

 

Expression of the GFP Reporter Scales with the Abundance of the PPR10 

Variant 
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An initial set of experiments used the soybean heat shock promoter to drive 

expression of PPR10GG in the nucleus, with the intent of using heat shock to induce 

expression.  However, we found that many transformed lines had high uninduced 

levels of PPR10GG and that none of the lines exhibited robust heat shock induction. 

Nonetheless, we took advantage of the varying expression of PPR10GG in different 

lines to address the quantitative relationship between PPR10GG and expression of 

the chloroplast GFP reporters.  

Immunoblot analyses of three dicistronic “GG” reporter lines expressing 

different levels of PPR10GG are shown in Fig. 3-2a. The stained immunoblot shows 

a robust band corresponding to GFP in the high-expressing PPR10GG line, where 

GFP abundance is similar to that of the large subunit of Rubisco (RbcL). The 

intensity of the stained GFP band correlates in a general sense with the abundance 

of PPR10GG.  Immunoblot analysis detected a low level of GFP in the absence of 

the PPR10GG transgene (Fig. 3-2a); comparison of signal intensities among sample 

dilutions shows that this basal expression level is roughly 40-fold less than that in 

the high-expressing PPR10GG line. PPR10GG stimulated expression of the reporter 

genes in the monocistronic and dicistronic contexts to a similar extent (Fig. 3-2b). 

The highest expressing PPR10GG line boosted GFP accumulation from the 

monocistronic reporter more than 40-fold, with respect to basal levels in the absence 

of the PPR10GG transgene (Fig. 3-2c). GFP comprises approximately 25% of the 

soluble protein in leaf tissue from lines expressing the highest levels of PPR10GG 

(Fig. 3-7a). This value is consistent with the relative abundance of Rubisco and GFP 
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in whole leaf lysates (see Ponceau stained filters in Fig. 3-2): the GFP and RbcL 

bands are of similar intensity, and Rubisco has been estimated to make up 30-50% 

of the soluble protein in C3 plants 35. By extrapolation from the dilution series 

shown in Fig. 3-2c, we estimate basal GFP abundance (in the absence of PPR10GG) 

to be roughly 0.6% of total soluble protein (i.e. 25%/40). 

These results show that our system programs low basal expression of a 

plastid transgene regardless of whether it is found in a monocistronic context or as 

an internal ORF on a polycistronic RNA. Therefore, endogenous tobacco PPR10 

has little, if any, cross-talk to the GG cis-element. Furthermore, the system has the 

capacity to achieve at least 40-fold induction if the expression of the nucleus-

encoded activating factor can be suitably modulated.  

 

Specificity of PPR10GG and PPR10AA for Their Cognate cis-elements 

We next addressed the degree to which the PPR10 variants designed to bind either 

the “GG” or “AA” cis-elements exhibited crosstalk to the non-cognate binding site 

in the context of the dicistronic reporter (Fig. 3-3). The nuclear transgene encoding 

PPR10AA was constitutively expressed from the CaMV 35S promoter.  As observed 

for the PPR10GG system, the AA cis-element programmed very low GFP expression 

in the absence of the PPR10AA transgene, whereas GFP was more abundant than 

RbcL in its presence (Fig. 3-3a).  PPR10AA also increased expression from the GG 

site, albeit much less efficiently (Fig. 3-3a, last two lanes). By contrast, PPR10GG 

had little if any impact on expression from the AA cis-element (Fig. 3-3b). GFP 
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fluorescence imaging of plants harboring these constructs supports these 

conclusions (Fig. 3-3c). These results show that PPR10GG strongly discriminates 

between the “GG” and “AA” binding sites in vivo, as shown previously in vitro 22, 

32. PPR10AA also acts with considerable specificity on its cognate site, but it exhibits 

some crosstalk to the GG site.  

 

Ethanol-inducible PPR10GG Drives Robust Inducible Expression of the GFP 

Reporter  

We next tested the efficacy of an ethanol-inducible promoter as a means to induce 

expression of PPR10GG and its cognate chloroplast GFP reporter. The same nuclear 

transformant was crossed with transplastomic plants harboring the dicistronic 

reporter construct with either the PPR10AA or PPR10GG binding site.  Both lines 

showed negligible PPR10GG expression in the absence of ethanol, and robust 

induction 4 days after ethanol application (Fig. 3-4a). PPR10GG induction resulted 

in ~20-fold induction of the GFP reporter harboring the cognate PPR10GG site (Fig. 

3-4a, right panel). Ethanol was similarly effective at inducing GFP expression in 8- 

and 10-week old plants (Fig. 3-4, Fig. 3-7); GFP accumulated to roughly 15% of 

total soluble protein in both instances (Fig. 3-7a).  By contrast, induction of 

PPR10GG had no apparent effect on expression of the reporter with the AA cis-

element (Fig. 3-4), consistent with the high specificity observed when PPR10GG is 

expressed constitutively (Fig. 3-3). Therefore, induced expression of a PPR 
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activating protein in expanded leaves can induce a chloroplast transgene over a large 

dynamic range.   

 

Effects of PPR10GG on RNA Stability and Processing 

PPR10 activates expression of its native atpH target by stabilizing atpH mRNA and 

increasing translational efficiency 28-30. RNA stabilization results from the fact that 

PPR10 blocks the progress of a 5’à3’ exoribonuclease (see Fig. 3-1a). RNA gel 

blot hybridizations showed that PPR10GG promotes the accumulation of 

monocistronic gfp mRNA from the dicistronic construct (Fig. 3-5a), analogous to 

the stabilization of monocistronic atpH RNA by native PPR10; this is an expected 

outcome of PPR10’s barrier activity.  PPR10GG also caused a dramatic increase in 

the abundance of RNA from the monocistronic reporter (Fig. 3-5a). We had not 

anticipated such a strong effect on RNA accumulation from the monocistronic 

reporter because the 5’ triphosphate of primary transcripts prevents access by 

bacterial Ribonuclease J 36, whose ortholog is proposed to mediate 5’à3’ RNA 

degradation in chloroplasts 28, 37, 38. 

 To examine this phenomenon further, we mapped the RNA termini upstream 

of each GFP reporter by primer extension (Fig. 3-5b). The 5’-end of the PPR10GG-

dependent RNA isoform from the dicistronic construct mapped, as expected, to the 

same position as the native processed PPR10-dependent atpH RNA. Unexpectedly, 

however, PPR10GG stabilized two transcript isoforms from the monocistronic 

construct: one whose 5’-end mapped at the expected 5’-boundary of PPR10’s 
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footprint (asterisk), and another whose 5’-end mapped to the transcription start site 

(diamond). The ability of a PPR protein to stabilize the 5’-end of a primary transcript 

mapping a considerable distance upstream from its binding site (~50 nucleotides in 

this instance) has not been described previously. This cannot result from the 

canonical exonuclease blockade mechanism. A hypothetical explanation is that the 

PPR10GG binding site sequence is sensitive to endonucleolytic cleavage; the binding 

of PPR10GG to this site might protect it from cleavage, similar to the action of PPR5 

in the trnG group II intron 39. 

 

Discussion 

There is growing interest in exploiting the chloroplast gene expression system for 

biotechnological applications 4, 40-42. However, improved methods to optimize, 

regulate, and tune expression of chloroplast transgenes are necessary to realize this 

promise. We show here that engineered PPR proteins can be used in conjunction 

with cognate cis-elements to activate plastid transgenes at the post-transcriptional 

level. Expression of the plastid transgene scales with that of the engineered PPR 

protein over a large dynamic range; this implies that the abundance of the PPR 

activator limits expression of the plastid transgene, and that the tunability of this 

system is limited primarily by the degree to which expression of the nuclear gene 

encoding the engineered PPR protein can be regulated. Experiments here were 

directed toward developing an inducible system, as a means to avoid negative 

impacts of recombinant proteins on plant vigor by separating the growth and 
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production phases. However, as discussed below, the results pave the way for tools 

to control the expression of plastid transgenes in other contexts.  

 Many chloroplast genes are activated by proteins whose mode of action is 

similar to that of PPR10 20, and binding sites for several such proteins have been 

shown to stimulate transgene expression at the post-transcriptional level. This 

phenomenon was initially exemplified by the “intercistronic expression element” 

(IEE) 43 and its cognate binding protein HCF107 44, and, more recently by several 

other native PPR binding sites 45. Endogenous cis-elements like this provide tools 

for constitutively increasing transgene expression, but they can interfere with host 

functions by titrating the endogenous binding protein 45. We selected PPR10 and its 

atpH target to develop an inducible system because atpH is expressed at very low 

levels in the absence of PPR10 30, yet it is the most efficiently translated chloroplast 

gene in wild-type maize seedlings 31. Furthermore, the sequence specificity of 

PPR10 and several PPR10 variants had been analyzed in depth 22, 32, facilitating the 

design of orthogonal activators. We predicted based on those data that the 

engineered PPR10/atpH system could achieve low basal expression (due to lack of 

crosstalk with tobacco PPR10) and high induced expression. These predictions were 

borne out by the results presented here.  

Among the prior approaches for regulating plastid transgene expression, our 

method most closely resembles a system in the alga C. reinhardtii that exploits a 

native nucleus-encoded activating protein, NAC2, and its cognate chloroplast cis-

element 46. NAC2 is a helical repeat protein that is required specifically for the 
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expression of the chloroplast psbD gene. NAC2 acts via the psbD 5’UTR to stabilize 

psbD RNA and increase its translational efficiency 47, 48. The psbD 5’UTR is 

sufficient to confer NAC2-dependent expression on any chloroplast ORF. In this 

system, a NAC2 gene in the nucleus is put under the control of a vitamin-repressible 

riboswitch. This method has been used to silence specific chloroplast genes in order 

to address basic questions in chloroplast biology 46. However, the dynamic range 

and maximal expression levels attainable with this system have not been reported. 

Furthermore, the use of the native psbD 5’-UTR results in the need to drive psbD 

expression with a different UTR.   

In our highest PPR10*-expressing lines, the abundance of plastid-encoded 

GFP approached that of the large subunit of Rubisco, and was more than 40-fold 

higher than that in the absence of the cognate PPR protein. We estimate that GFP 

reached 25% of total soluble protein in our highest expressing material. This is a 

low estimate of the potential output of this system because our dose-response 

experiments did not reach an induction plateau. Our ethanol-inducible system 

yielded ~20-fold induction (~15% total soluble protein) after 4 days, despite the fact 

that we made little attempt to optimize the ethanol induction step. We are confident, 

therefore, that optimization of this method and advances in the design of regulatable 

nuclear promoters will translate to even greater dynamic range.  But even without 

further optimization, these are substantial improvements over the ~1.75% total leaf 

protein and ~7-fold induction reported from the theophylline-inducible riboswitch 

system, which is the most promising system described previously 14, 17, 19. In the 
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unusual situation in which a foreign protein compromises plant growth even at the 

low basal expression level reported here, expression could be scaled back by 

replacing the rrn promoter on the chloroplast transgene construct with a less active 

promoter.  

These results lay a foundation for related approaches that could be used to 

control where, when, and to what extent plastid transgenes are expressed. For 

example, it may be possible to bypass the need for an inducer by driving PPR10* 

expression with a promoter that is activated at a suitably late stage of plant 

development. Tissue-specific expression of a nuclear PPR activator could be used 

to boost the expression of plastid transgenes in non-photosynthetic organs, an 

approach that we recently validated for potato tubers (Yu et al, accompanying 

manuscript). A more sophisticated goal is the tuning of relative expression levels of 

transgenes in a polycistronic transcription unit, a parameter that is important for the 

optimal performance of multienzyme pathways and the assembly of 

multicomponent structures 7, 12. Such tuning may be achievable by small changes in 

cis-elements that modulate affinity for a single activating protein, or by use of 

multiple activating proteins with distinct cis-elements. The increasing repertoire of 

native PPR proteins with well-defined binding sites provides an expanding toolkit 

to draw upon for these and other applications that exploit the unique attributes of 

the chloroplast genetic system.   

 

 



 

 

69 

Materials and Methods 

Plant material. 

Nicotiana tabacum Petit Havana (tobacco) seeds were sown on agar plates 

containing Murashige and Skoog Basal Medium (Sigma), 0.3% Phytagel (Sigma), 

2% sucrose.  When working with transplastomic lines, the medium included 500 

mg/ml Spectinomycin HCL to select for the aadA marker. Plants were grown for 2 

weeks in a growth chamber at 25°C and a light intensity of ~150 μmol m-2 s-1 with 

14-h light/10-h dark cycles. Seedlings were then transplanted to soil and grown 

under the same conditions prior to tissue sampling for protein and RNA analysis. 

Plants used for crossing were grown to flowering in a green house.  

 

Chloroplast reporter constructs and transformation. 

Plasmids pQY1 and pAI5 contain the dicistronic reporters DicisAA and DicsGG, 

respectively, as diagrammed in Fig. 3-1 and Fig. 3-6. The dicistronic cassettes were 

inserted into the tobacco plastid transformation vector pPRV1 (Accession U12809) 

between the PrrnLatpB promoter/5’UTR and the psbA 3’-UTR/terminator. The aadA 

gene is the same as that in plasmid pHK30 49. The aadA ORF is preceded by the 

atpB leader and starts with the first 14 codons from atpB.  The aadA ORF is fused 

at its 3’-end with sequences encoding the c-myc 9E10 epitope EQKLISEEDL, as in 

the Arabidopsis plastid transformation vector pATV1 (GenBank Accession 

MF461355). The second ORF encodes GFP as in vector pATV1. The intergenic 

region consists of the tobacco rbcL 3’-UTR (TrbcL) 50 followed by the 97 nucleotides 
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upstream of the maize chloroplast atpH gene (Genbank NC_001666), excepting the 

two nucleotide substitutions in the PPR10 binding site as shown in Fig. 3-1. The 

monocistronicGG reporter (construct pQY3) was inserted into the transformation 

vector pPRV111A (Accession No. U12812), with the gfp ORF preceded by the 

same modified atpH 5’ UTR as for the dicistronic GG construct.  

The reporter constructs were introduced into the tobacco chloroplast genome 

using the method described previously 51. Transplastomic plants were selected by 

growth in the presence of 500 µg/ml Spectinomycin HCL, and all seedlings from 

lines used for the reported experiments remained green in the presence of 

Spectinomycin. Homoplasmy was confirmed by Southern blot hybridization (Fig. 

3-6c).  

 

Nuclear transgenes encoding PPR10 variants. 

The nuclear PPR10AA and PPR10GG transgenes encode proteins that are identical to 

maize PPR10 except for the two amino acid substitutions shown in Fig. 3-1. The 

first 1177 nucleotides from the start codon were codon optimized for Arabidopsis. 

The remaining 1184 nucleotides to the stop codon used native maize ppr10 codons. 

A Kozak consensus sequence was introduced just upstream of the start codon to 

optimize translation. The expression constructs for the PPR10 variants are 

diagrammed in Fig. 3-6b. PPR10AA was expressed from a CaMV 35S promoter in 

pEarlyGate100 52. PPR10GG was inserted into vector pCHSP6871 for expression 

from the soybean heat shock promoter, and into vector pMLBart AlcR for 
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expression from an ethanol inducible promoter. pEarlyGate100 was obtained from 

the Arabidopsis Biological Research Center.  pCHSP6871 and pMLBart AlcR were 

generous gifts of Dr Steve Strauss (Oregon State University) and Detlef Weigel 

(Max Planck Institute for Developmental Biology), respectively. Transformations 

were performed at the Plant Transformation Core facilities at the University of 

Missouri and the University of California-Davis. Plants harboring the heat shock 

construct were selected by plating on agar plates (0.3% Phytagel) containing MS 

medium, 2% sucrose and kanamycin at 100 mg/liter. Plants harboring the CaMV 

35S and ethanol-inducible constructs were selected by spraying 2-week old 

seedlings with 0.028% Finale and 0.1% Silwet 77; plants were sprayed two times, 

one-week apart. 

 

Ethanol induction.  

Induction was initiated by spraying plants with 4% ethanol until all leaves were wet 

(t=0). The sprayed plants were then incubated in ethanol vapor for 24 h as described 

in 53.  After an additional 48 h (t= 72 h), plants were sprayed again with 4% ethanol 

and incubated for an additional 24 h without vapor treatment. Samples and photos 

were collected 4 days after the initial spraying. 

 

SDS-PAGE and immunoblot analysis. 

Proteins from transplastomic samples were analyzed by SDS-PAGE using 4-20% 

polyacrylamide gels (Invitrogen). Immunoblotting was performed as described 
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previously, using affinity purified antibody raised against PPR10 in maize 28. This 

antibody detects the maize PPR10 variants but does not cross-react with the 

endogenous tobacco PPR10 ortholog (see e.g. Fig. 3-2). GFP was detected with a 

monoclonal antibody for GFP (Clontech, cat #632380). To estimate the abundance 

of GFP as a fraction of the soluble protein in leaf extract, membranes were pelleted 

by centrifugation at 13000xg for 5 minutes, and the supernatants were resolved by 

SDS-PAGE. Gels were stained with Coomassie Blue R-250. The abundance of the 

GFP band as a fraction of the total was estimated by scanning the gels with a 

Typhoon Imager (model 2.0.0.6, Amersham) and quantification with 

ImageQuantTL. 

 

RNA analyses. 

RNA extractions and RNA gel blot hybridizations were performed as described 

previously 28, using a gfp probe generated by PCR with the primer pair: forward- 5’ 

GGAGAAGAACTTTTCACTGGAGTTGTCCC and reverse 5’ 

GATAATGGTCTGCTAGTTGAACGCTTCC. Primer extension was carried out 

as described previously 28, using 3 µg of leaf RNA and primer 

5’GACAACTCCAGTGAAAAGTTCTTCTCC3’. Results were imaged with a 

Storm PhosphorImager (Molecular Dynamics).   
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Figure 3-1. PPR10GG dependent plastid transgene regulation. (a) Scheme overview. 

A chloroplast transgene is preceded by the maize atpH 5’-UTR with mutations in 

the PPR10 binding site to prevent its interaction with endogenous tobacco PPR10. 

PPR10 variants with a sequence-specificity matching the modified cis-element are 

expressed from a nuclear transgene,and targeted to the chloroplast with a chloroplast 

transit peptide (ctp), where they boost expression of the plastid transgene by 

blocking RNA degradation and increasing translational efficiency. Regulated 

expression of the PPR10 variants via a tissue-specific or inducible promoter is 

predicted to result in corresponding regulation of the plastid transgene. 

(b) The PPR10GG and PPR10AA variants. PPR10’s PPR motifs are diagrammed at 

top, with the amino acids at their specificity-determining positions (aa6 and 1’) 

indicated 22. The variants have mutations in two PPR motifs that change their 

nucleotide specificity as shown. The binding sites for maize PPR10, tobacco PPR10, 

and the two variants are shown below.  
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(c) Chloroplast reporter constructs. aadA is the selectable marker for chloroplast 

transformation. The rbcL and psbA 3’-UTRs (TrbcL and TpsbA) are illustrated as stem-

loops. LatpB is the 5’-UTR and first few codons of the tobacco atpB mRNA and 

Prrn is the tobacco rrn promoter. The position of the 5’-end of the PPR10* binding 

site (-46) is indicated with respect to the GFP start codon. The transgenes were 

integrated between trnV and rps12 in the inverted repeat of the chloroplast genome 

(see Fig. 3-6a). Features are not drawn to scale. 
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Figure 3-2. Quantitative relationship between PPR10GG expression and expression 

of plastid GFP reporters with the GG cis-element. Images were cropped to show 

only the relevant part of each gel. Tissue was sampled from 4-week old plants.  

(a) Immunoblot analysis of lines constitutively expressing different levels of 

PPR10GG. Lanes contained equal quantities of total leaf protein or the indicated 

dilutions. The stained blot at bottom was probed consecutively to detect either 

PPR10GG (top) or GFP (middle). RbcL is the large subunit of Rubisco.  

(b) Comparison of the effects of PPR10GG on the expression of a reporter in a 

monocistronic and dicistronic context. The experiment was performed as in panel 

(a). The vertical line separates non-contiguous lanes from the same gel and image. 

(c) Dilution series illustrating >40- fold-induction from the monocistronic reporter 

in a constitutively high-expressing PPR10GG line.  
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Figure 3-3. Specificity of PPR10GG and PPR10AA for plastid transgenes harboring 

the cognate binding site. Images were cropped to show only the relevant part of each 

gel. 

Immunoblot analysis comparing effects of PPR10AA (a) and PPR10GG (b) on 

production of GFP from dicistronic constructs harboring the AA or GG cis-element. 

Samples come from plants with the indicated plastid reporter (DicisAA and DicisGG), 

in combination with the indicated nuclear transgene (PPR10AA, PPR10GG, or none). 

Leaf tissue was sampled four weeks after planting. See Fig. 3-2a for other details. 

(c) GFP fluorescence illustrating effects of each PPR10 variant on GFP output from 

each dicistronic reporter in young seedlings (18 days after planting). 
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Figure 3-4. Ethanol-inducible expression of a plastid GFP reporter in a dicistronic 

context. Images were cropped to show only the relevant part of each gel. Leaf tissue 

was sampled eight weeks after planting. Analogous data for 10-week old plants are 

shown in Fig. 3-7b. (a) Immunoblot analysis demonstrating effects of ethanol on 

expression from an ethanol-inducible nuclear transgene encoding PPR10GG and 

dicistronic chloroplast gfp reporters (DicisGG or DicisAA). Tissue samples were 

harvested from the same plants 4 days after ethanol treatment (+) or immediately 

prior to ethanol treatment (-). The dilution series to the right indicates that GFP 

expression from the DicisGG construct was induced approximately 20-fold. 

(b) GFP fluorescence of plants used for the protein analysis shown in (a). Note that 

GFP fluorescence was muted by chlorophyll autofluorescence, which was not 

filtered out.  
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Figure 3-5. Effects of PPR10GG on RNA transcripts from the monocistronic and 

dicistronic chloroplast reporters harboring the GG-cis element. Images were 

cropped to show only the relevant part of each gel. (a) RNA gel blot hybridizations 

showing gfp transcripts in the presence (+) and absence (-) of a constitutively-

expressed PPR10GG transgene. The RNA came from the “high-expressing” 

PPR10GG line shown in Fig. 3-2a. Blots were hybridized with a probe specific for 

the gfp transgene. Images of the same blots stained with methylene blue are shown 

below to illustrate the abundance of rRNAs as a loading control. The line separates 

non-contiguous lanes from the same gel. (b) Primer extension mapping of transcript 

5’-termini that increase in the presence of PPR10GG. The sequencing ladders to the 

right come from a different gene; these provide markers to determine the sizes of 

the primer extension products at single-nucleotide resolution. The line separates 
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non-contiguous lanes from the same gel. The asterisk marks an RNA terminus at -

46 nucleotides with respect to the start codon, which corresponds to the 5’-end of 

the PRP10 footprint. The diamond marks a 5’ end ~100-nucleotides upstream of the 

start codon, the site of transcription initiation from the monocistronic reporter 

construct. The horizontal arrow in the map below denotes the primer.  
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Figure 3-6. Plastid and nuclear transformation. (a) Context of dicistronic reporter 

constructs after insertion in the chloroplast genome. The monocistronic construct 

was inserted at this same position. (b) Constructs for expression of PPR10 variants 

from the nuclear genome. (c) DNA gel blot hybridizations documenting 

homoplasmy of the transplastomic lines. Leaf DNA was digested with BamHI and 

analyzed by hybridization to a radiolabeled probe specific for the tobacco rrn16 
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gene. The expected sizes of the WT and insertion alleles are 3.3 kb and 5.6 kb, 

respectively. (d) Phenotype of plants harboring the plastid reporter constructs or 

expressing PPR10GG and PPR10AA transgenes. The PPR10GG HSP plant is from the 

high expressing line shown in Fig. 3-2a but lacking a chloroplast transgene. The 

PPR10AA CamV plant is from the line shown in Fig. 3-3a but lacking the chloroplast 

transgene.  The PPR10GG plants to the right contain the ethanol inducible nuclear 

transgene (alcR promoter). The plants were grown for 6 weeks (left) or 13 weeks 

(right) in a greenhouse.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

82 

Figure 3-7. Abundance and ethanol induction of GFP from the dicistronic GG 

reporter in mature leaf tissue. (a) Estimate of GFP abundance as a fraction of Total 

Soluble Protein (TSP). Soluble extracts of the mature leaves of 4-week old plants 

(left panel), or 8 and 10-week old plants (right panel) were fractionated by SDS-

PAGE and stained with Coomassie Brilliant Blue R-250. Dilutions of two samples 

(50%) were included to test for reproducibility. The stained gels were scanned with 

a Typhoon Imager (model 2.0.0.6, Amersham), and band intensities were quantified 

by ImageQuantTL. (b) Ethanol induction of GFP expression in 10-week old plants 

harboring the dicistronic GG reporter construct. Plants were imaged just prior to 
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ethanol treatment and 96 hours after treatment. The dilution series on the western 

blot is shown to estimate fold-induction.   
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CHAPTER 4 

Engineered RNA-binding protein for transgene activation in non-green 

plastids 

 

Abstract 

Non-green plastids are desirable for the expression of recombinant proteins in edible 

plant parts to enhance the nutritional value of tubers or fruits or to deliver 

pharmaceuticals. However, plastid transgenes are expressed at extremely low levels 

in the amyloplasts of storage organs such as tubers1-3. Here we report a regulatory 

system consisting of a variant of the maize RNA binding protein PPR10 and a 

cognate binding site upstream of a plastid transgene encoding GFP. The binding site 

is not recognized by the resident potato PPR10 protein, restricting GFP protein 

accumulation to low levels in leaves. When the PPR10 variant is expressed from the 

tuber-specific patatin promoter, GFP accumulated up to 1.3% of total soluble 

protein, a 60-fold increase over 0.02%2, the maximum protein yield achieved to date 

in potato tuber. This regulatory system enables an increase in transgene expression 

in non-photosynthetic plastids without interfering with chloroplast gene expression 

in leaves.  
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Introduction 

The plastid genome of flowering plants contains about 110 genes, most of which 

encode components of the plastid transcription-translation machinery or genes 

required for photosynthesis. These plastid genes are complemented by ~ 3,000 

nuclear genes that contribute to most functions required for photosynthesis, plastid 

gene expression, and various chloroplast-localized metabolic pathways 4. Members 

of the plastid family are found in all plant cell types, but the plastid gene expression 

system is most active in the chloroplasts in leaves.  

In contrast, chromoplasts and amyloplasts in fruits and tubers express only a few 

genes, such as accD required for fatty acid biosynthesis5,6.  

Chloroplast genome engineering holds great promise in many biotechnological 

applications, including production of vaccines and antibodies7, conferring insect 

tolerance by expressing dsRNAs8, implanting novel metabolic pathways9,10 and 

improving photosynthetic efficiency11-13.  All plastid types have identical genomes 

14. Non-green plastids are desirable hosts for the expression of recombinant proteins 

in edible plant parts to enhance the nutritional value of tubers or fruits. Seed-specific 

expression of vaccines may also be desirable when the seed is used as fodder. 

Attempts to express transgenes in non-green potato plastids (amyloplasts) thus far 

resulted in very low level recombinant protein, 0.02% of TSP2 in tubers and 0.05% 

in microtubers3. We report here an expression system that stimulates protein 

expression in tuber amyloplasts with no significant impact on protein levels in 

leaves.    
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Results and Discussion 

Our approach takes advantage of the maize protein PPR10, which activates 

expression of the chloroplast atpH gene by binding a cis-element in the atpH 5’UTR. 

This interaction stabilizes the RNA downstream and increases translational 

efficiency15,16.  We placed the gfp plastid transgene downstream of the binding site 

for a PPR10 variant, denoted PPR10GG, whose sequence differs from that of the 

endogenous potato PPR10 binding site (BS) at three positions: compare St-atpH 5’ 

UTR and Zm-atpH 5’ UTR (GG site) in Fig. 4-1b.  The GG site is not recognized 

by maize PPR1017, and we predicted the same would be true for endogenous potato 

PPR10St. The second component is a nuclear transgene encoding PPR10GG,17 

expressed from the tuber specific patatin promoter 18 (Fig. 4-4). PPR10GG has an N-

terminal plastid targeting sequence that guides the protein to plastids (Fig. 4-1a).  

  We incorporated the GG site in the intergenic region of a dicistronic operon 

19, between the first Open Reading Frame (ORF) encoding the spectinomycin 

resistance (aadA) gene and the second gene encoding Green Fluorescent Protein 

(GFP) (Fig. 4-1c). Plastids evolutionarily derive from photosynthetic bacteria and 

maintained the prokaryotic transcription-translation machinery, including 

expression of genes in operons. The dicistronic arrangement mimics the natural 

context where the PPR10 binding site is located in an intergenic region of a 

polycistronic transcription unit.  We predicted that expression of PPR10GG would 

increase expression of the gfp reporter by stabilizing the RNA and increasing 

translational efficiency, analogous to the effects of wild-type PPR10 on atpH 
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expression. This approach is the same as that we used to achieve inducible 

expression of chloroplast transgenes20 except that PPR10GG is expressed from the 

patatin promoter to drive expression specifically in potato tubers. As a control, we 

analyzed the effects of the wild-type maize PPR10 binding site (Zm site) on 

expression of the same reporter system.     

Transplastomic potato plants with the gfp reporter constructs were obtained 

by selection for the spectinomycin resistance conferred by the aadA gene 2. The 

aadA-gfp construct integrated in the plastid genome (ptDNA) by two homologous 

recombination events via ptDNA flanking the dicistronic cassette. Uniform 

transformation of the plastid genomes was confirmed by DNA gel blot analyses (Fig. 

4-5). We report here on two transplastomic potato (Solanum tuberosum cv. Desiree) 

lines: one having a wild-type (Zm site) and one having a mutated (GG site) maize 

binding site upstream of the gfp translation initiation codon (Fig. 4-1c). The 

PPR10GG gene was introduced in the potato nucleus by Agrobacterium-mediated 

transformation.  Because the transgenes insert at random sites, their expression 

levels and regulation vary among independent transformants. We chose two 

transgenic lines for further study by screening lines for intense fluorescence in 

tubers and the lack of fluorescence in leaves upon illumination by UV light.    

The leaf phenotype of wild-type potato (WT) and transplastomic potato with 

the mutant BSGG cis-element are indistinguishable and are very similar to that of 

transplastomic plants containing the PPR10GG nuclear gene (Fig. 4-2). By contrast, 

use of the Zm site, which is expected to recognize the endogenous potato PPR10, 
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caused a dramatic decrease in plant vigor. These phenotypes correlated with the 

amount of GFP accumulation in leaves, as indicated by GFP fluorescence (Fig. 4-2 

UV). GFP accumulation could be readily detected in the tubers of DicisZm and 

DicisGG+PPR10GG plants upon illumination with UV light (Fig. 4-2).  

GFP in these materials was then quantified by SDS-PAGE and immunoblot 

analysis (Fig. 4-3). A stained GFP band was readily apparent in the leaf of the 

transplastomic reporter line harboring the wild-type maize binding site, whereas a 

stained GFP band was not visible in leaf material from lines with the GG site (Fig. 

4-3a). We calculated that GFP in the DicisZm line makes up 23.5% of the total 

soluble leaf protein (see Fig. 3 legend). However, high levels of GFP accumulation 

comes at a price. GFP accumulation in DicisZm leaves is accompanied by a dramatic 

reduction in leaf size and smaller stature (Fig. 4-2). Poor growth could be due to 

high levels of GFP or the sequestration of native potato PPR10 protein. There is less 

GFP in the DicisZm tuber (~1.2% of TSP) (Fig. 4-3a, b, e), reflecting the lower 

abundance of the mRNA (Fig. 4-3f).  

In the DicisGG plants much less GFP accumulates in the leaves and tubers, 

1.7% and 0.06% of TSP, respectively (Fig. 4-3a, b, e)., because the mutated maize 

GG binding site does not interact with native potato PPR10 protein. When the tuber 

specific PPR10GG protein is expressed in the DicisGG plants, GFP levels in the leaf 

are unaffected, as no PPR10GG protein is expressed in these tissues. However, 

PPR10GG expressed in the DicisGG tuber binds to the mutant GG site and boosts GFP 
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accumulation to 1.0% or 1.3% of TSP depending on the genomic location of 

PPR10GG (Fig. 4-3c-e).  

RNA gel blot analyses using aadA and gfp probes revealed accumulation of 

dicistronic aadA-gfp and monocistronic aadA and gfp mRNAs. Monocistronic 

mRNAs are generated by processing of the dicistronic message. Monocistronic gfp 

mRNA is stabilized by PPR10 binding at the 5’-end and by the stem-loop structure 

in the psbA 3’UTR. Thus, accumulation of the monocistronic gfp message depends 

on protection of the gfp message at the 5’ end by PPR10 binding, as reported for 

PPR10 function in the native context 15,16. The DicisZm plants accumulate 

monocistronic message in the leaf and tuber (Fig. 4-3f, g), presumably because the 

native potato PPR10 protein recognizes the wild type maize Zm site, despite the 

single nucleotide mismatch in the binding site (Fig. 4-1b). No monocistronic gfp 

message accumulates in the DicisGG plants, because the mutant GG site is not 

protected by the native potato PPR10St protein. However, when the engineered 

PPR10GG is present, it binds to the mutated site resulting in the accumulation of 

monocistronic gfp mRNA. Monocistronic gfp mRNA in the DicisGG transplastomic 

plants accumulates only in tubers (Fig. 4-3f, g) due to tuber-specific expression of 

PPR10GG from the patatin promoter. 

 The DicisGG + PPR10GG regulatory system in potato tubers yielded as much 

GFP protein from the mutated GG site as from the wild-type Zm site. This finding 

suggests that GFP accumulation is subject to the same limiting factor, possibly the 

level of gfp mRNA. The 1.3% (TSP) protein is significantly higher than protein 
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levels obtained in potato amyloplasts in the past: 0.02% (TSP) in tubers2 and 0.05% 

(TSP) in microtubers3. An increase in GFP levels in the tuber was obtained without 

an obvious deleterious impact on vegetative growth. GFP accumulated at the 

periphery of amyloplasts because the starch granules are filling up most of the 

amyloplasts, so that the stroma is pressed to the periphery (Fig. 4-6). Since this 

PPR10 regulatory system is significantly more efficient than the chimeric 

expression elements tested so far in tuber amyloplasts, we anticipate that protein 

accumulation in tomato chromoplasts can also be increased beyond what has already 

been achieved21. Further enhancement of protein expression in potato tubers may be 

obtained by increasing transcript levels (Fig. 4-3f) and reducing starch levels to 

allow accumulation of other storage products22,23. The orthogonal binding 

site/PPR10 control strategy described here proves the feasibility of exploiting 

modified natural PPR proteins for the manipulation of RNA metabolism24. 
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Materials and Methods 

Plant materials and growth conditions.  

Potato (Solanum tuberosum) cv. Desire 2-24 plants obtained from Dr. Teruko 

Osumi (Simplot Plant Science). The plants were maintained aseptically on MS 

medium with 3% sucrose. The plants were incubated at 26 oC and illuminated for 

16 hrs with fluorescent tubes. Potato plants were grown in Metromix 360 (Sungrow, 

Agawam, MA) in a growth chamber at 20 oC, under continuous illumination with 

Philips F72/T12 CW fluorescent bulbs at 40 µE m-2 s-1. Under these conditions the 

plants never flower and are a reproducible source of leaves and tubers for 

biochemical analyses. 

 

Construction of plastid and nuclear transformation vectors.  

The aadA and gfp open reading frames in the pAI3 (GenBank Accession Number 

MK482729) and pAI5 (MK482730) dicistronic vectors are expressed in a 

PrrnLatpB promoter/TpsbA cassette in tobacco plastid transformation vector 

pPRV1 (U12809).  Transcription of the operon is from the tobacco rRNA operon 

promoter fused with the atpB gene leader and 14 amino acids of the atpB coding 

region N-terminus as described for plasmid pHK30 25. TpsbA is the 3’-UTR of the 

plastid psbA gene. The aadA gene at its N-terminus is fused with the atpB gene N-

terminal amino acids and at its C-terminus with the c-myc 9E10 epitope 

EQKLISEEDL, as in the Arabidopsis plastid transformation vector pATV1 

(GenBank Accession Number MF461355). The second ORF encodes the Green 
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Fluorescent Protein (GFP) as in vector pATV1. Dicistronic vectors differ in 

sequence between the aadA and gfp ORFs: pAI3, TrbcL+DicisZm; pAI5, 

TrbcL+DicisGG. TrbcL is the 3’ UTR of the plastid rbcL gene 26. The maize Zm and 

GG sites are the wild-type and mutant maize PPR10 binding sites 17.  

 The nuclear PPR10GG transgene encodes a protein that is similar to maize 

PPR10 except for two amino acid substitutions20. The nucleotide sequence encoding 

ppr10GG was codon optimized for potato and expressed from the potato patatin 

promoter18. The B33 patatin promoter/ocs terminator cassette was obtained from Dr. 

Frank Ludewig (University Erlangen-Nuremberg) in a pBIN19 Agrobacterium 

binary vector27. The PPR10GG coding sequence 20 was inserted in the B33 cassette 

and introduced into a pGV3101 (pMP90) Agrobacterium strain 28.  

 

Transformation of the plastid and nuclear genomes.  

Potato plastid transformation was carried out following the protocol of Valkov et al. 

2, as modified by Zhang et al. 8. For transformation of the nucleus, Agrobacterium 

carrying the binary vector was grown from frozen stock and resuspended in 50 mL 

liquid Minimal A medium with 0.2 M acetosyringone. Approximately 50 1 cm2 

potato leaf piece per construct were submerged in Agrobacterium solution for 15 

minutes, then blotted briefly on sterile filter paper and left for 48 hours on antibiotic-

free RMOS medium in the absence of selection. The RMOS medium contains 

modified MS potato medium (4.4 g /L, Phytotechnology Labs M516), vitamins (10 

ml of 100x, Phytotechnology Labs M533), 30 g/L sucrose, thiamine (1 mg/L), NAA 
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(0.1 mg/L), BAP (1mg/L), myo-inositol 0.1 g/L, solidified with 0.7 % agar (7 g/L) 

and adjusted with KOH to pH5.8. Leaf pieces were then placed on RMOS medium 

containing 50 mg/L kanamycin and 500 mg/L carbenicillin. After 10 weeks, 

resistant callus was moved to MGS shoot formation medium with 50 mg/L 

kanamycin selection and 500 mg/L carbenicillin for 8 weeks. The MGS shoot 

induction medium is a modified MS potato medium (4.4 g /L, Phytotechnology Labs 

M516), vitamins (10 ml of 100x, Phytotechnology Labs M533), 16 g/L glucose, 

zeatin riboside (2.2 mg/L), NAA (0.02 mg/L), gibberellic acid (0.15 mg/L), 

solidified with 0.7 % agar (7 g/L) and adjusted with KOH to pH5.8. After 8 weeks, 

the shoots were excised and moved to RMS rooting medium with 50 mg/L 

kanamycin and 500 mg/L carbenicillin.  

 

DNA gel blot analysis.  

Total cellular DNA was extracted from leaf tissue using the 

cetyltrimethylammonium bromide (CTAB) protocol. DNA gel blot analysis was 

carried out as described29. Briefly, two microgram total leaf DNA was digested with 

the BamHI restriction endonuclease, the DNA fragments were separated on 1% 

agarose gels, and transferred to Hybond-N membranes (Amersham Biosciences 

Corp) by capillary blotting. The probe was prepared by random-primed 32P-labeling 

the 1.9 kb ApaI/BamHI ptDNA DNA fragment encoding part of the 16S rRNA gene.  

 

RNA gel blot analysis.  
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Total cellular RNA was isolated from the leaves and tubers of plants grown in the 

soil with the NucleoSpin RNA Plant kit (Macherey-Nagel, Germany) following the 

manufacturer’s instruction. RNA gel blot analyses were carried out as described 8. 

The RNA was electrophoresed on 1.5% agarose/formaldehyde gels, and then 

transferred to Hybond-N membranes (Amersham Biosciences Corp). The probe was 

prepared by random-primed 32P-labeling.  The probes were: aadA, a ~0.8kb NcoI-

XbaI fragment isolated from plasmid pHC130; and for gfp, a fragment amplified 

from gfp coding region using primers p1(5’-TTTTCTGTCAGTGGAGAGGGTG-

3’) and p2 (5’-CCCAGCAGCTGTTACAAACT-3’;).  

 

Western blot analysis.  

Total leaf and tuber protein were extracted from plants grown in the soil using the 

protocol as described31. About 100 mg of powdered leaf or tuber tissue was 

extracted in 200 µl of sodium phosphate buffer (100 mM, pH 6.8) containing 1mM 

EDTA, 5mM DTT and a protease inhibitor cocktail (30 µl) specific for plant tissue 

(Sigma-Aldrich). The leaf and tuber supernatants were harvested after 

centrifugation at 14,000g for 25 min at 4 oC. The concentration of leaf and tuber 

total soluble protein was determined with the BCA protein Assay reagent kit. GFP 

was detected by immunoblot analysis using monoclonal antibody. ZmPPR10GG was 

detected by immunoblot analysis using affinity purified PPR10 antibody 15. GFP in 

the DicisZm (pAI3) leaf extract was quantified in Coomassie blue stained protein 

gels using AlphaImager 2200. GFP in tissues containing less GFP was quantified 
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by Western analyses using DicisZm leaf extracts as reference. Each value is an 

average of measurements of three tissue samples. 
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Figure 4-1. PPR10/binding site system for regulating gene expression in potato 

amyloplasts. a, Leaf cell with the nuclear and chloroplast compartments. Tuber cell 

with the nuclear and amyloplast compartments. Filled red circles are the engineered 

maize PPR10GG; green circles are GFP. b, Alignment of sequence upstream of the 

atpH translation initiation codon (AUG) containing the wild type potato and the 

maize wild type (Zm) and mutant GG binding sites. The PPR10 Binding Sites are 

underlined. The ribosome binding site (RBS) is in blue. c, Schematic map of the 

pAI3 and pAI5 dicistronic plastid transformation vectors yielding transplastomic 

DicisZm and DicisGG plants.  
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Figure 4-2. Leaf and tuber phenotype of potato plants illuminated with tungsten or 

UV light (366 nm) 4 months after planting in vitro shoots in soil. WT, wild type 

potato; DicisZm and DicisGG transplastomic potato; DicisGG+PPR10GG 

(transplastomic plants harboring the GG binding site and patatin promoter 
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PPR10GG). -1 and -5 refer to two independent nuclear transgenic lines. Plant scale 

bar = 5 cm; tuber scale bar = 1 cm. Testing of phenotypes was carried out 

independently three times with similar results. 
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Figure 4-3. GFP expression in transplastomic potato and plants expressing the 

PPR10GG protein. a,c, Proteins separated in SDS-PAGE and stained with Coomassie 

brilliant blue. b,d, Western blot analyses probing with GFP and PPR10 antibody. 

Note signal in the wild-type and transplastomic DicisGG lanes indicating that the 

maize PPR10 Ab weakly recognizes the native potato PPR10 protein. e, GFP levels 

based on three biological replicates (mean±SD., n=3). GFP concentration in the 
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highest expressing line DicisZm was determined using 1D-Multi Lane Densitometry 

(Alphaimager 2200). Fold differences were quantified on Western blots with the 

ImageJ (version 2.0.0-rc-38/1.50b) software using DicisZm leaf extracts as reference. 

f, RNA gel blot probed with the aadA and gfp probes. g, Schematic interpretation 

of mRNAs in transplastomic in DicisZm  and DicisGG plants. X indicates the absence 

of interaction between the PPR protein and binding site. Note that GFP in leaves 

accumulates at low level (1.5%) due to inefficiently translation from the DicisGG 

mRNA. Experiments shown in Fig. 3 a, b, c, d and f were repeated independently at 

least three times with similar results. 
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Figure 4-4. Schematic map of the T-DNA region of Agrobacterium binary vector 

pBIN19_B33_PPR10_mut10 plasmid, encoding PPR10GG.  

 

 

 

 

 

 

 

 

 

Figure 4-5. DNA gel blot analyses confirm uniform transformation of the plastid 

genome. Total cellular DNA was digested with the BamHI restriction enzyme,and 

probed with an ApaI-BamHI fragment containing the 16S rRNA coding sequence. 

Probe hybridizes with a 2.9 kb BamHI fragment in the wild type and a 5.2 kb BamHI 

fragment in transplastomic plants.  Experiments were repeated independently two 

times with similar results. 
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Figure 4-6. Confocal laser-scanning microscopy to detect GFP accumulation in 

potato leaf chloroplasts and tuber amyloplasts. Leaf bar = 10 µm; tuber bar = 20 µm. 

Experiments were repeated independently two times with similar results. 
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CHAPTER 5 

Dicistronic operons as a novel marker system for chloroplast engineering and 

building blocks for plant synthetic biology 

 

Abstract 

We designed a dicistronic plastid marker system that relies on the plastid’s ability 

to translate polycistronic mRNAs. The identification of transplastomic clones is 

based on selection for antibiotic resistance  encoded in the first open reading frame 

(ORF) and accumulation of the reporter gene product in chloroplasts encoded in the 

second ORF. The antibiotic resistance gene may encode spectinomycin or 

kanamycin resistance based on the expression of aadA or neo genes, respectively. 

The reporter gene used in the study is the green fluorescent protein (GFP). 

Antibiotic resistance may be conferred by the expression of the prokaryotic-type 

marker in the plastid or be due to readthrough transcription in the nucleus from an 

upstream promoter, or a spontaneous mutation in the plastid 16S rRNA. However, 

if the dicistronic marker is integrated in the nucleus, GFP encoded in the second 

ORF will not be translated on the 80S cytoplasmic ribosomes. Indeed, when GFP 

accumulated in antibiotic resistant calli, plastid transformation has been confirmed 

in each case by DNA gel blot analyses and confocal microscopy.  Therefore, high-

level GFP accumulation from the second ORF in chloroplasts facilitates early 

identification of transplastomic events in callus or leaves by GFP fluorescence 

detected under UV light and by confocal microscopy. Because the dicistronic 
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mRNA is not processed, we could show that protein output from the second ORF is 

independent from the first ORF. Expression of multiple proteins from an 

unprocessed mRNA is an experimental design that enables predictable protein 

output from polycistronic mRNAs, expanding the toolkit of plant synthetic biology. 

 

Introduction 

The plastid genome encodes about 100 genes the products of which, in coordination 

with the about 3,000 nuclear gene products, carry out a wide range of vital metabolic 

processes including photosynthesis, fatty acid and amino acid biosynthesis 1. As the 

consequence of endosymbiotic ancestry, plastids maintained prokaryotic features of 

the gene expression machinery 2,3. The chloroplast’s unique ability to selectively 

produce large quantities of proteins required for photosynthesis, such as RUBISCO, 

makes them useful hosts for the production of recombinant proteins 4-8. 

Organization of plastid genes in operons makes the plastid genome an ideal target 

for the incorporation of operons encoding novel functions, such as the biosynthesis 

of astaxanthin, the red pigment that gives salmon its pink color 9.  Improving the 

efficiency of sunlight conversion into biomass is another process that depends on 

the availability of chloroplast engineering 10 11,12 13. Expression of dsRNA in 

chloroplasts has also been successfully deployed against insects 14,15. In addition, 

any trait imparted by chloroplast genome engineering will be exempt from dispersal 

by pollen because the plastid genome is inherited by the maternal parent only in 

most crops 16-18 
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 The plastid genome is highly polyploid and may be present in up to 10,000 

genome copies per cell.  Because initially only a few genome copies are transformed, 

sorting is protracted and may take several generations to obtain a uniform 

population of transformed plastid genomes in a cell 19,20. Plastid sorting is 

accelerated by selection for an antibiotic resistance gene encoded in a vector. The 

most commonly used antibiotic is spectinomycin, an inhibitor of translation on the 

prokaryotic-type plastid ribosomes, that is inactivated by aminoglycoside-3’’-

adenylyltransferase (AAD or AadA), the product of the aadA gene 21. Other 

inhibitors of translation on plastid ribosomes have also been successfully applied as 

markers for the selective enrichment of transformed plastid genomes, including 

kanamycin 22,23, chloramphenicol 24 and tobramycin 25. Marker genes in the 

transformation vectors are expressed in promoter/terminator cassettes, which are 

inserted in the plastid genome by homologous recombination. Insertion, however, 

may also occur in the nuclear genome where antibiotic resistance may be expressed 

by readthrough transcription from an upstream promoter. A particularly high 

frequency of nuclear insertions was observed when kanamycin selection yielded 

only three transplastomic events in a pool of 99 kanamycin resistant clones 22. No 

spontaneous kanamycin resistant mutants were recovered, because kanamycin 

resistant mutations in the 16S rRNA are probably not viable 26. Therefore, we 

decided to develop a marker system that enables rapid identification of 

transplastomic events, without the need for PCR or DNA gel blot analyses to 

distinguish nuclear insertions from transplastomic events.  
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 The dicistronic marker system consists of two ORFs: the first ORF encodes 

a selectable antibiotic resistance gene and the second ORF a visual marker. Rapid 

identification of transplastomic events exploits the plastid’s ability to translate 

polycistronic mRNAs, a feature retained in plastids from the ancestral 

photosynthetic prokaryotes. This contrasts translation on 80S cytoplasmic 

ribosomes, which are based on the scanning mechanism of translation, that would 

be applicable to plastid gene constructs incorporated in the nucleus. The plastid 

antibiotic resistance gene encoded in the first ORF will be translated on the 80S 

ribosomes, but not the second ORF, enabling rapid identification of transplastomic 

events.  

We report here dicistronic operons that are useful for the facile identification 

of transplastomic clones. High-level GFP accumulation from the second ORF is a 

reliable indicator of transplastomic clones, that can be readily identified by 

illumination of leaves or calli with a hand-held UV light. In our system only 

dicistronic mRNAs are detectable on RNA blots.  That is why we can address 

translational coupling, the impact of protein accumulation from the first ORF on 

protein accumulation from the second ORF. We have found that, in the absence of 

processed mRNA, GFP accumulation from the second ORF is independent from 

protein accumulation from the first ORF, an experimental design that enables 

predictable protein output from polycistronic mRNAs.  

 

Results 
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Design of synthetic dicistronic operons  

Each dicistronic operon was expressed in a cassette consisting of the tobacco plastid 

ribosomal RNA PEP promoter (Prrn) and the psbA plastid gene 3’-UTR (TpsbA). 

Prrn was fused with segments of plastid gene 5’-UTRs, referred to as leader 

sequences (L) and the source gene name: the plastid clpP, rbcL and atpB genes and 

the T7 phage gene 10 leader (LT7g10). The first ORF encodes a kanamycin 

resistance (neo) or spectinomycin resistance (aadA) gene and the second ORF gfp, 

with a cry9Aa2 leader that encodes a ribosome binding site. The cry9Aa2 leader was 

chosen because is not processed when it is in an intergenic region 27 and is known 

to yield high-level protein expression from the downstream ORF 28.  Among the neo 

or aadA construct families the only variable is the 5’-UTR (Fig.5-1b).     

 To compare protein yields from monocistronic and dicistronic constructs, we 

also included a monocistronic gfp with the cry9Aa2 gene in the experiment (Fig. 5-

1c).  Another control is a dicistronic gfp gene with the maize PPR10 binding site 

between aadA and gfp that we used in the study of tissue-specific plastid gene 

expression in potato 29 (PAI4, Fig. 5-1b).  

 

Plastid transformation with the dicistronic vectors 

Plastid transformation was carried in tobacco leaves with vectors pMRR13, 

pMRR15 and pMRR18 which have spectinomycin resistance (aadA) as the selective 

marker. Transplastomic clones were selected on the RMOP shoot regeneration 

medium containing 500 mg/L spectinomycin. Bombarded leaf sections with 
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regenerating shoots are shown in Figure 2a. Chloroplast localization of GFP in the 

fluorescent sectors was confirmed by laser scanning confocal microscopy (Fig. 5-

2b). GFP fluorescence as a reliable indicator of transplastomic state has been 

documented in detail elsewhere 30.  

Plastid transformation efficiency was also tested using the pMRR20 and 

pMRR21 vector DNA and selection for kanamycin resistance on RMOP medium 

containing 50 mg/L kanamycin. Kanamycin selection after bombardment with 

vector pMRR20 yielded 61 T0 kanamycin resistant clones, of which 45 accumulated 

GFP under UV light. Out of the original 61 T0 clones, 52 maintained kanamycin 

resistance when transferred to a medium containing 100 mg/L kanamycin sulfate.  

46 of these accumulated GFP at a level that it could detected under a hand-held UV 

light (Table 5-1). DNA gel blot analysis was carried out on 13 GFP fluorescent (Fig. 

5-2c) and 6 non-fluorescent, kanamycin resistant clones (Fig. 5-2d). Probing of total 

cellular DNA from the fluorescent clones yielded a 5.7-kb transplastomic band, or 

a mix of 5.7-kb and 3.2-kb wild type band, confirming correlation of GFP 

fluorescence and transplastomic status. The non-fluorescent clones yielded only 

wild-type 3.2-kb fragments, and are probably nuclear gene transformants which 

carry wild-type ptDNA 22. Analyses of kanamycin resistant clones obtained after 

bombardment with then pMRR21 vector yielded similar results: 15 kanamycin 

resistant clones, of which 13 showed GFP fluorescence in the original selection plate.  

9 of the clones maintained kanamycin resistance on 100 mg/L kanamycin sulfate 

and the cells fluoresced under UV light (Table 5-1).  
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Protein accumulation in the leaves after transformation with the dicistronic 

operons 

Early identification of transplastomic events is based on high-level GFP 

accumulation from the second ORF. The calli on the selective medium regenerate 

shoots, therefore measuring GFP accumulation in leaves is a good predictor whether 

or not the second ORF will express the protein at sufficiently high levels to allow  

identification of transplastomic clones under UV light. An addition question is 

whether or not protein accumulation from the 1st ORF will impact protein 

accumulation from the second ORF.  

  Many of our plastid transformation vectors have a spectinomycin resistance 

(aadA) marker gene. Therefore, we also tested GFP accumulation from the second 

ORF with aadA expressed from different leader sequences. The Prrn promoter was 

fused with 57 and 18 nucleotides of the rbcL plastid gene 5’-UTR (PrrnL57, 

PrrnL18) or the atpB gene 5’-UTR (PrrnLatpB) (Fig. 5-1).  Vectors pMRR13, 

pMRR18 and pMRR15 yielded 6.6%, 2.9% and 0.5% AAD, while GFP from the 

second ORF yielded 42.2%, 12.7% and 29.4% GFP (Fig.5-4a, Table 5-2). The 

mRNA levels are the highest from the pMRR13 construct, with high-level GFP 

accumulation from the 2nd ORF, that is why we used this construct for the early 

identification of transplastomic clones in Arabidopsis 27,30.  

 PrrnLclpP is known to yield relatively low levels of NPTII (0.26%; pHK33 

vector)31, while PrrnLT7g10 yields high levels of NPTII (23%, pHK40) 32.  
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Kanamycin resistance encoded in the first ORF in vectors pMRR20 and pMRR21 

are expressed from the LclpP and LT7g10 leaders with predicted low- and high-

levels of NPTII accumulation levels. Indeed, the transplastomic pMRR20 and 

pMRR21 leaves accumulated relatively low (1% TSP) and high-levels (9.1% TSP) 

of NPTII, as predicted, with comparably high levels of GFP accumulation from the 

second ORF, 24% and 31% TSP, respectively. This finding indicates that protein 

accumulation from the second ORF is independent from the 1st ORF (Table 5-2). 

The pMRR21 mRNA was 1.8-times more abundant then the pMMR20 mRNA 

indicating that the absolute levels of protein accumulation are dependent on mRNA 

abundance, as modified by mRNA stability. 

GFP in the leaves of the plants in this study was >10% of TSP (Table 5-2). 

GFP was readily detectable in seedling cotyledons, or in the leaves of greenhouse 

plants upon illumination with UV light (Fig. 5-3). Plants transformed with vectors 

pMRR13 and pMRR17 are significantly smaller than then wild type. Both of these 

plants accumulate GFP in excess of 35% TSP (Fig. 5-4a, Table 5-2), what is the 

likely reason for the significantly reduced growth. Transgene expression in the 

young leaves of pMRR13, pMRR17, pMRR20 and pMRR21 plants cause a pigment 

deficient  phenotypes (Fig. 5-3). 

 

Expression of dicistronic operons in roots 

We tested GFP accumulation in the roots of pMRR13 plants, which have the highest 

level GFP accumulation (42% TSP) in leaves.  GFP in the roots accumulated to very 



 

 

118 

low levels, 0.14% TSP (Fig. 5-5). This level of GFP accumulation is similar to root 

expression of the pAI4 construct 0.13% TSP (Fig. 5-5), that accumulated 1.2% GFP 

in potato tubers 29.  

 
Discussion 
 
Dicistronic operons as plastid markers 

GFP is the most commonly used reporter gene today, replacing GUS as the reporter 

gene used in the early studies on plastid gene expression 33,34.  The utility of GFP as 

a marker was first shown by transient expression of GFP in chloroplasts 35. Stable 

integration of GFP in chloroplasts enabled visualized of stromules in transplastomic 

tobacco plants 30,36. GFP was also deployed as a marker gene in Chlamydomonas 

chloroplasts where optimization of codon usage was necessary to obtain chloroplast 

expression 37.  A translational fusion of AAD, the aadA gene product with GFP 

yielded a fluorescent antibiotic resistance marker, that could be used to track 

transplastomic chloroplasts 38. However, fluorescence of the fusion protein was 

dampened as compared to the non-fused GFP. That is why we started experimenting 

with dicistronic constructs that enabled GFP expression using the minimal number 

of promoters and terminators. Dicistronic GFP constructs were found useful to test 

regulated chloroplast gene expression 29,39. Because polycistronic mRNAs are not 

expressed in the nucleus 40, we hypothesized that selection for a marker gene 

encoded in the first ORF, and GFP accumulation from the second ORF should 

indicate plastid transformation. This hypothesis was confirmed by the finding that 
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bombardment followed with spectinomycin selection yielded GFP expressing 

clones which were confirmed to be transplastomic by DNA gel blot analyses 30. 

Here we report a similar finding, plastid transformation confirmed by DNA gel blot 

analyses, when the clones are selected for kanamycin resistance and are expressing 

GFP.  

 Transformation of the tobacco plastid genome with the neo (AphA-2) gene 

yielded only three transplastomic events in the pool of 99 kanamycin resistant 

clones 22. The statistics in the present experiment are much more favorable. 

Bombardment with pMRR20 vector yielded mainly transplastomic events (45/61) 

and bombardment with the pMRR21 vector in most cases (13/15) yielded 

transplastomic clones. We attribute the reduced number of nuclear clones to 

inefficient translation of the plastid atpB and phage T7G10 leader sequences when 

the plastid construct is inserted in the nucleus and transcribed from an upstream 

promoter. The potential problem of plastid gene expression in the nucleus is well 

documented. Frequent recovery of nuclear kanamycin resistant clones was reported 

after transformation with a kanamycin resistance gene encoded in a psbA plastid 

gene cassette 41. Activation of a plastid aadA gene has also been characterized after 

transfer from the plastid genome to the nucleus 42. No nuclear kanamycin resistant 

clones were obtained after transformation of chloroplasts with the AphA-6 gene 23. 

The absence of nuclear transformants is likely due to the choice of plastid expression 

signals, that were not translated in the cytoplasm when the AphA-6 plastid gene was 
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inserted in the nucleus. The LatpB and LT7g10 sequences tested in this study are 

equally useful.  

 

Translational coupling in the chloroplast 

Translational coupling is defined as the interdependence of translation efficiency of 

neighboring genes encoded by the same polycistronic mRNA. In bacteria the 

translation of overlapping ORFs is typically coupled, that is translation of the second 

ORF is dependent on the translation of the first ORF 43.  When two non-overlapping 

ORFs are encoded by the same mRNA, translational coupling depends on the 

distance between the stop codon and the downstream start codon. Translational 

coupling with enhancement level was found to vary up to 10-fold, dependent on the 

cis-elements of the upstream gene. The coupling effect in E. coli was attributed 

mainly to translational effect, and not to transcriptional modulation or mRNA 

stability  44.  

Translation coupling has been reported in overlapping ORFs in tobacco 

chloroplasts. The psbD-psbC and ndhC-ndhK reading frames are encoded 

polycistronic mRNAs where the AUG translation initiation codon of the 

downstream ORF is upstream of stop codon of the upstream reading frame, and 

translation of the downstream ORF is dependent on the translation of the upstream 

ORF 45-48. Translational coupling was also observed in an overlapping artificial 

dicistronic operon, where relatively high level (0.5%) GUS accumulation resulted 

from the translation of gusA mRNA in the rbcL-gusA operon 49.  The atpB-atpE 
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ORFs also overlap in a dicistronic operon, but in this case the downstream atpE 

cistron has its own cis-elements for translation, and is not dependent for translation 

of the upstream ORF 50,51.  

To ensure that we obtain high level GFP accumulation from the second ORF, 

we addressed the impact of protein accumulation from the first ORF, that is the 

problem of translational coupling in chloroplasts. The ORFs of the dicistronic 

operons studied here are non-overlapping and have their own translation control 

sequences. All transgenes were expressed in the same promoter (Prrn)-terminator 

(TpsbA) cassette, therefore we assume that the rate of transcription of each 

dicistronic operon is the same, and differences in mRNA accumulation are the 

consequence of differential mRNA stability mediated by the  5’-UTR (Fig. 5-1, 

Table 5-2). The simple assumption is that more mRNA of the same ORF should 

yield more protein. The level of mRNA accumulation among the aadA constructs 

(pMRR13, pMRR15, pMRR18) varied 10-fold, LatpB yielding the most stable and 

LrbcL57 the least stable mRNA (Fig. 5-4c, Table 5-2). GFP accumulation from the 

2nd ORF in pMRR18 vs pMRR15 plants was proportional with the mRNA, about 3-

times more mRNA yields 3-times more GFP, 12% as compared to 29% GFP plants. 

However, an additional 3-times more mRNA in the pMRR13 plants yielded only 

42% GFP, indicating that further increase in mRNA levels yielded a diminishing 

return, probably due to exhausting the cells translation capacity.  

We could also assess the impact of translation efficiency of the first ORF on 

the translation efficiency of the second ORF. NPTII protein output of the first ORF 
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in pMRR20 and pMRR21 plants differs 9x. When calculating translation efficiency 

(protein/unit mRNA), the difference is reduced 5-fold in favor pMRR21 plants. 

However, the pMRR20 plants produce as much or slightly more GFP from the 

second ORF than the pMRR21 plants per unit mRNA (24% as compared to 18%), 

indicating that there is no positive translational coupling between the first and 

second ORFs in the kanamycin resistant plants (Fig. 5-6). The lack of translational 

coupling between the first and second ORF is also confirmed, when comparing 

translation efficiency between the pMRR15 and pMRR18 spectinomycin resistant 

plants. Translation efficiency of the first ORF (aadA) differs 16-fold, while the 

second ORF accumulates similar amounts GFP, 10% and 13%, respectively. There 

is negative correlation between the translation efficiency of the first and second 

ORFs in case of the pMRR15 and pMRR13 plants: about 3-fold increase for the 

first ORF and 2x reduction from the 2nd ORF. However, reduced translation 

efficiency from the second ORF is likely to be the reflection of the limitations of 

translation capacity.  

Because our transplastomic chloroplasts accumulate only dicistronic 

mRNAs, we had an ideal opportunity to quantify relative protein output from 

specific ribosome binding sites. The utility of information is complicated by 

differential mRNA stability, that will have to be considered when the information 

is used to design synthetic operons. While we should be able to predict relative 

protein output, absolute protein levels will be set by mRNA stability.   
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Materials and Methods 

Plant material and growth conditions 

Nicotiana tabacum L. cv. Petit Havana plants were grown in the greenhouse at 25 

oC with illuminated with supplemental lighting for 16 hrs.  

 

Plastid transformation vectors 

The dicistronic operons were expressed in a cassette consisting of the tobacco 

plastid ribosomal RNA PEP promoter (Prrn)52 and the psbA plastid gene 3’-UTR 

(TpsbA) 53. Prrn was fused with segments of plastid gene 5’-UTRs, referred to as 

leader sequences (L) and the source gene name: the plastid clpP 54 , rbcL 55 and atpB 

56 genes and the T7 phage gene 10 leader (LT7g10) 57. LrbcL57 and LrbcL18 refer 

to the number of nucleotides included from the rbcL leader. The first ORF encoded 

a kanamycin resistance (neo)22,58 or spectinomycin resistance (aadA)59 gene and the 

second ORF a GFP 60, with a cry9Aa2 leader that encodes a ribosome binding site 

28. Among the neo or aadA construct families the only variable was the 5’-UTR. 

The schematic map of the vectors is shown in Figure 1.  The vector parts and 

GenBank accession numbers are listed in Table 3.  We also included a dicistronic 

gfp gene with maize PPR10 binding site between aadA and gfp (Fig. 5-5) , similar 

to vector pAI3, other than lacking TrbcL between the aadA and gfp29 and a 

monocistronic gfp gene with a Lcry9aA2 leader (pMRR17) (Table 5-3).   

 

Transformation of the tobacco plastid genome 
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Tobacco plastid transformation was carried out as described 61,62. Briefly, 0.6 µm 

gold particles were coated with vector DNA, and tobacco leaves harvested from 

sterile plants were bombarded with the particles using the Bio-Rad PDS-1000 

biolistic gun with the Hepta Adaptor. Wild type tobacco leaves form pigment 

deficient callus on selective RMOP shoot regeneration medium containing 500 

mg/L spectinomycin or 50 mg/L kanamycin. Green shoots and calli formed in the 

bombarded leaf cultures indicating the expression of the selective marker genes. 

Uniform transformation of the plastid genomes was confirmed by DNA gel blot 

analyses (Figure 5-8).   

 

DNA gel blot analysis 

DNA gel blot analysis was carried out as described 59. Briefly, total cellular DNA 

was extracted from leaf tissue using the cetyltrimethylammonium bromide (CTAB) 

protocol. Two microgram total leaf DNA was digested with the BamHI restriction 

endonuclease, the DNA fragments were separated on 1% agarose gels, and then 

transferred to Hybond-N membranes (GE Healtcare RPNNL/02/10) by capillary 

blotting. The probe was prepared by random-primed 32P-labeling using kit (Takara 

Bio. Inc., Cat. No. 6045). The probe was the 1.9 kb ApaI/BamHI ptDNA fragment 

encoding part of the 16S rRNA gene (Fig. 5-1).  

 

RNA gel blot analysis 
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RNA gel blot analyses was carried out as described 63. Briefly, total cellular RNA 

was isolated from leaves  frozen in liquid nitrogen using TRIzol (Thermo Fischer 

Scientific, Cat. No. 15596026). The RNA was separated in 1.5% formaldehyde 

agarose gels, and transferred to Hybond-N membranes by capillary blotting (GE 

Healthcare RPNNL/02/10). The probes were was prepared by random-primed 32P-

labeling using the Takara Bio. Inc., kit (Cat. No. 6045). The probes were: aadA, 0.8-

kb NcoI-XbaI fragment isolated from plasmid pHC1 64; gfp, fragment amplified 

from gfp coding region with primers gfp-forward 5’-

TTTTCTGTCAGTGGAGAGGGTG-3’ and gfp-reverse 5’-

CCCAGCAGCTGTTACAAACT-3’ and neo amplified with primers neo-forward 

5’-GGGAAGGG ACTGGCTGCTAT-3’  and neo-reverse 5’-

CGATACCGTAAAGCACGAGGA-3’.  

 

Immunoblot analysis 

Immunoblot analyses was carried out following the protocol described for potato 

tubers   65. Briefly, total soluble protein was extracted from leaf and root samples 

frozen in liquid nitrogen and pulverized using stainless steel grinding balls (SPEX 

Sample Prep, Metuchen, NJ). About 100 mg of powdered tissue was extracted in 

200 µl of sodium phosphate buffer (100 mM, pH 6.8) containing 1 mM EDTA, 5 

mM DTT and a protease inhibitor cocktail (30 µl) specific for plant tissue (Sigma-

Aldrich, Cat. No. P9599). The suspension was centrifuged at 14,000g for 25 min at 

4 oC, then the supernatant containing the protein extract was removed and the 
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protein concentration was determined with the BCA protein assay reagent kit. The 

proteins were separated in 15% urea PAGE and transferred to Immun-Blot PVDF 

membrane (Bio-Rad, Cat. No. 1620177).  GFP detection: the primary antibody was 

Monoclonal Antibody (JL-8) (Takara, 632381); Secondary antibody Anti-Mouse 

IgG Peroxidase antibody (Sigma-Aldrich, A4416-1 mL). NPTII detection: primary 

antibody was Anti-NPTII (Sigma-Aldrich, N6537-200 µl); secondary antibody 

Anti-Rabbit IgG Peroxidase antibody (Sigma-Aldrich, A0545-1 mL). Detecting the 

AAD c-Myc tag: the primary antibody was c-Myc Antibody (9E10) (Santa Cruz 

Biotechnology, sc-40); the secondary antibody was Anti-Mouse IgG Peroxidase 

antibody (Sigma-Aldrich, A4416-1 mL). Each value is an average of three 

biological replicate measurements. 
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Figure 5-1. Plastid transformation vectors. (a) Map of the targeting region in the 

plastid genome. The transgenes are inserted into the HincII site. The position of 

rrn16 and trnV genes and 3’rps12/7 promoter are shown 66. (b) Dicistronic vectors 

with aadA or neo selectable marker gene encoded in the first ORF, and GFP in 

second ORF. Listed are: pMRR vectors with Prrn promoter and the source of 5’-

UTR (LrbcL57, LrbcL18, LatpB, LclpP, LT7g10). Each vector has the rry9Aa2 

gene ribosome binding site (LCry9A2) in the intergenic region of antibiotic 

resistance gene (aadA, spectinomycin resistance; neo, kanamycin resistance) and 

gfp. The operon has the psbA gene 3’-UTR (TpsbA). (c) The pMRR17 
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monocistronic vector with aadA expressed in PpsbA/TpsbA cassette and gfp in 

PrrnLcry9aA2/TrbcL cassette. 
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Figure 5-2. Identification of transplastomic clones using the dicistronic marker 

system. (a) Transplastomic shoot three weeks after the bombardment with vector 

pMRR13. Note GFP fluorescence under UV (366 nm) light. (b) Confocal laser-

scanning microscopy to confirm GFP accumulation in chloroplast after 

bombardment with vector pMRR13. Shown are GFP channel (excitation 488 nm; 

detection 500-530 nm), chlorophyll chanel (excitation 568 nm; detection 650-700 

nm), overlay of GFP and chlorophyll channels (Merge 1) and GFP/chlorophyll and 

bright field channels (Merge 2). The cells are heteroplastomic, with mixed 

transformed (GFP) and wild-type (red) plastids. (c) DNA gel blot hybridization 

confirms plastid transformation in GFP-expressing clones. Total cellular DNA was 

digested with the BamHI restriction endonuclease and probed with the 1.9-kb ApaI-

BamHI probe (Figure 1a). Wild-type ptDNA yields a 2.9 kb fragment, 

transplastomic ptDNA a 5.7 kb fragment. Cells with mixed wild type and 

transformed ptDNA have both. (d) Kanamycin resistant clones which have no 

detectable GFP have 2.9 kb wild type ptDNA, that is indicative of nuclear insertion 

of the neo gene.   
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Figure 5-3. Phenotypes of transplastomic and wild type (WT) tobacco plants. 

The lines are grouped by the selective marker encoded in the first ORF (aadA, neo) 

and illuminated with tungsten or UV light to visualize GFP accumulation. One week 
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old transplastomic seedlings have been germinated in sterile culture on a selective 

medium (500 mg/L spectinomycin or 200 mg/L kanamycin). Greenhouse plants are 

four week old. Note stunted growth (pMRR13, pMRR17) and pigment deficiency 

(pMRR13, pMRR17, pMRR20, pMRR21; arrows).  
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Figure 5-4. Expression of gfp and the selectable marker genes, aadA or neo, in 

transplastomic plants. (a) Protein (5 µg) separated in SDS-PAGE and stained with 

Coomassie brilliant blue. (b) Immunoblot analysis to quantify GFP, AadA and 

NPTII accumulation in transplastomic plants. (c) RNA gel blot hybridization to 

quantify mRNA abundance. The mRNA and protein levels are based on three 

biological replicates (mean±SD, n=3). Visible GFP, AAD and NPTII bands were 

quantified using 1D-Multi Lane Densitometry (Alphaimager 2200). Fold 

differences were quantified on Western blots with the ImageJ software (version 

2.0.0-rc-38/1.50b) software. Northern blots were imaged with a Typhoon RGB 

scanner (GE Life Sciences) and quantified with the ImageQuant software. 
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Figure 5-5. GFP accumulation from dicistronic operons in roots.   

(a) Dicistronic vector pAI4 with aadA marker gene and gfp in the second ORF. The 

pAI4 vector is similar to pMRR13, other than the aadA-gfp intergenic region 

contains the maize wild-type atpH 5’-UTR, encoding the PPR10 protein binding 

site. (b) Tobacco root protein (5 µg) separated in SDS-PAGE and stained with 

Coomassie brilliant blue. (c) Western blot analyses probing with the GFP antibody 

using GFP from the leaf of pMRR13 as a reference. (d) Quantification of the GFP 

protein in the tobacco root amyloplast. GFP from pMRR13 leaf was included as 

reference. GFP was quantified on Western blots with the ImageJ (version 2.0.0-rc-

38/1.50b) software. The calculation was based on three biological replicates 

(mean±SD, n=3). 
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Figure 5-6. No translational coupling between the first and second ORF in the 

dicistronic markers. (a) Schematic map of dicistronic operons. ORF1 encodes a 

marker gene, the second ORF gfp. The operon has one promoter (P) and one 3’-

UTR (T) for the stabilization of the mRNA. (b) Translation initiates independently 

from the first and second ORFs. Shown are the small and large ribosomal subunits 

entering the mRNA at the ribosome entry cite, and dissociating when translation of 

the 1st ORF is completed.  (c) Protein accumulation from the first ORF has no 
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significant impact on protein accumulation from the 2nd ORF. Based on NPTII 

accumulation in the pMRR20 and pMRR21 plants (Table 2).  
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 Figure 5-7. Plants in the greenhouse after eight weeks. Note delayed flowering of 

pMRR13 plant.  
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 Figure 5-8. DNA gel blot confirms uniform transformation of the plastid genome. 

Total cellular DNA was digested with the BamHI restriction enzyme and probed 

with the ApaI-BamHI fragment (Figure 5-1a). Probe detects a 2.9 kb fragment in 

wild type DNA and the 5.7 kb fragment in transplastomic plants.  
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Table 5-1. Classification of kanamycin resistant clones by GFP expression 
 

Table 5-2. Quantification of GFP, AadA or NPTII in transplastomic leaves  
 

 
Table 5-3. Plastid transformation vectors  
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