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Chapter 2

Engineering the Plastid Genome of Nicotiana sylvestris ,  
a Diploid Model Species for Plastid Genetics

Pal Maliga and Zora Svab 

Abstract

The plastids of higher plants have their own ~120–160-kb genome that is present in 1,000–10,000 
copies per cell. Engineering of the plastid genome (ptDNA) is based on homologous recombination 
between the plastid genome and cloned ptDNA sequences in the vector. A uniform population of engi-
neered ptDNA is obtained by selection for marker genes encoded in the vectors. Manipulations of ptDNA 
include (1) insertion of transgenes in intergenic regions; (2) posttransformation excision of marker genes 
to obtain marker-free plants; (3) gene knockouts and gene knockdowns, and (4) cotransformation with 
multiple plasmids to introduce nonselected genes without physical linkage to marker genes. Most experi-
ments on plastome engineering have been carried out in the allotetraploid Nicotiana tabacum. We report 
here for the first time plastid transformation in Nicotiana sylvestris, a diploid ornamental species.  
We demonstrate that the protocols and vectors developed for plastid transformation in N. tabacum 
are directly applicable to N. sylvestris with the advantage that the N. sylvestris transplastomic lines are suit-
able for mutant screens.

Key words: Plastid transformation, Nicotiana sylvestris, Tobacco, aadA, Spectinomycin resistance, 
Streptomycin resistance

The plastid genome (ptDNA) of higher plants is highly polyploid. 
The number of plastids per cell and the number of ptDNA per 
plastid is dependent on the species and the cell type. For example, 
an Arabidopsis thaliana leaf cell contains about 120 chloroplasts, 
the green plastid type differentiated for photosynthesis, and these 
harbor 1,000-1,700 copies of the 154,478-bp plastid genome (1). 
In comparison, Nicotiana tabacum leaf cells contain about 100 
chloroplasts harboring ~10,000 copies of the 155,939-bp ptDNA 
(2). Transformation of the plastid genome was first accomplished 

1. Introduction
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in Chlamydomonas reinhardtii, a unicellular alga (3), followed by 
plastid transformation in this laboratory in N. tabacum, a multi-
cellular flowering plant (4). Plastid transformation since has been 
extended to Porphyridium, a unicellular red algal species (5) and 
the mosses Physcomitrella patens (6) and Marchantia polymorpha 
(7). In higher plants, plastid transformation is reproducibly 
performed in N. tabacum (8), tomato (9), soybean (10), lettuce 
(11, 12), and cabbage (13). Monocots as a group are still recalci-
trant to plastid transformation.

Plastid transformation in each of these systems is based on 
homologous recombination. Plastid transformation vectors are 
Escherichia coli plasmid derivatives that do not replicate in plas-
tids, so that the marker genes encoded in the vectors are expressed 
only if they integrate in the plastid genome via cloned ptDNA 
fragments flanking the marker gene (1–2 kb each side). In some 
of the plastid transformation vectors the restriction sites have 
been removed so that the plastid vectors can be used for cloning 
in E. coli (9, 14–16). The transforming DNA is introduced into 
plastids by the biolistic process (4, 8) or by polyethylene glycol 
treatment (17, 18), followed by selection for the marker gene. 
The marker genes employed for selective amplification of trans-
formed ptDNA are plastid small rRNA genes with point mutations 
conferring spectinomycin resistance (4, 17, 18); or chimeric genes 
that confer resistance to spectinomycin and streptomycin 
(aadA)(8), kanamycin (neo or aph(3¢)IIa) (19, 20) (21), or the 
amino acid analogues 4-methylindole (4MI) and 7-methyl-DL-
tryptophan (7MT) (ASA2) (22). If the transforming DNA is 
introduced into protoplasts, the DNA delivery is by PEG treat-
ment (17, 18). DNA delivery into leaf chloroplasts (4, 8) and the 
plastids of tissue culture cells (10, 23) is by the biolistic approach.

Engineering of the plastid genome includes four types of 
manipulations. The first type of manipulation is insertion of the 
marker gene and the gene of interest in intergenic regions. If 
mutations are included in the plastid-targeting region, the muta-
tion may or may not be introduced into the plastid gene depen-
dent on the site of recombination as described (24–26). The 
second type of manipulation is posttransformation marker gene 
excision. When we contemplate posttransformation excision of 
the marker genes, we flank the marker gene by recombinase tar-
get sites in the transformation vector. Excision of the marker gene 
is accomplished by a plastid-targeted recombinase expressed from 
a nuclear gene introduced by Agrobacterium-mediated transfor-
mation or by crossing. The example we show for the insertion of 
a transgene in Fig. 1 is transformation of the N. sylvestris plastid 
genome with the pCK2 plastid transformation vector that carries 
a selectable spectinomycin resistance (aadA) marker gene and the 
aurea bar au gene of interest. Recombination between the pCK2 
vector and ptDNA (dashed lines) yielded Ns-pCK2 ptDNA 
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carrying both transgenes. Excision of aadA by Int, the phiC31 
phage site-specific recombinase, via the attP and attB target sites 
left behind only the aurea bar au gene and a recombinant target 
site in the Ns-pCK2-INT ptDNA.

The third type of plastid genome engineering is knocking out 
plastid genes to query their function. The knockout lines are 
obtained by replacement of endogenous genes with marker genes 
by homologous recombination. The first examples of plastid gene 
knockouts were lacking the plastid rbcL (27) and rpoB (28) genes. 
By now at least 25 plastid gene knockout plants have been described 
(29). The example we show in Fig. 2 is a knockdown variant, in 
which introduction of an editing site in the psbF gene yielded an 
editing-dependent, functionally impaired version of the psbF gene. 
Transformation of the N. sylvestris plastid genome with vector 
pRB8, dependent on the site of recombination, yielded two types 
of transplastomic plants carrying aadA: editing-dependent, slow-
growing plants with reduced chlorophyll content (T1-ptDNA) 
and plants with a wild-type phenotype (T2-ptDNA).

Fig. 1. Construction of transplastomic Nicotiana sylvestris plants carrying the aurea bar au gene in their plastid genome. 
Recombination between the pCK2 vector and wild-type ptDNA (dashed lines) yields the Ns-pCK2 transplastome carrying 
the bar au gene and the selectable spectinomycin resistance (aadA) gene. Note that aadA is flanked with the phiC31 phage 
recombinase attB (BB’) and attP (PP’) target sites. Excision of aadA by Int leaves behind a recombinant PB¢ target site and 
the bar au gene in the Ns-pCK2-INT ptDNA. For further details see reference on the construction of transplastomic bar au 
N. tabacum plants (41).
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The fourth type of manipulation is cotransformation carried 
out with a mix of two plastid transformation vectors. First, the 
transplastomic clones are selected by the marker in vector one; 
then these transplastomic clones are screened for sequences from 
the second vector that does not carry a selectable marker. 
Cotransformation by the two plasmids is relatively frequent: plas-
tid genomes recovered after transformation with the mixed vector 
carry the second, nonselected modification in ~20% of the clones 
(30, 31). Independent transformation of ptDNA copies with vec-
tors targeted to alternative sites and subsequent sorting could 
also be used to obtain marker-free transplastomic plants carrying 
the nonselected genes (32). No cotransformation experiments 
have been carried out in N. sylvestris yet. In Fig. 3 we schemati-
cally show introduction of a nonselected marker by cotransforma-
tion in N. tabacum (30). For reviews on the applications of 
plastome engineering in basic science and biotechnology, see refs. 
(14, 29, 33–37).

Most experiments on plastid genome engineering have been 
carried out in N. tabacum, an allotetraploid species. Because of 
our interest in the identification of nuclear genes that control 
plastid inheritance, we were looking for a diploid Nicotiana spe-
cies in which a mutant screen can be carried out. We report here 
protocols for plastid transformation in Nicotiana sylvestris.  
N. sylvestris shares all the advantages of N. tabacum: facile tissue cul-
ture regeneration, transformation of nuclear and plastid genomes, 
numerous progeny (greater than million) and short generation 
time (4 months) with the additional advantage that it has a 

Fig. 2. Construction of psbF knockdown plants in Nicotiana sylvestris by transformation with the pRB8 plastid vector. The 
pRB8 plasmid carries a selectable spectinomycin resistance (aadA) gene targeting the insertion of aadA gene in the psbJ-
petA intergenic region. The targeting region contains the tobacco psbE operon (psbE, psbF*, psbL, and psbJ genes) with 
the engineered spinach psbF editing site marked by an asterisk (24). Recombination (dashed lines) between sites 1 and 
3 yielded pigment-deficient knockdown plants (T1 ptDNA), whereas recombination between sites 2 and 3 yielded normal 
green plants (T2 ptDNA).
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diploid nuclear genome (n = 12; 2,600 Mb; (38)). Because the 
diploid N. sylvestris is the maternal progenitor of the allotetra-
ploid N. tabacum, the plastid genomes of the two species are very 
similar (39). We report here that vectors pRB8 (24), pMSK56 
(40), and pCK2 (41) originally developed for N. tabacum can be 
used for plastid transformation in N. sylvestris. We currently use 
the transplastomic N. sylvestris lines in a genetic screen for muta-
tions in plastid inheritance.

	 1.	0.6 mm gold microcarrier available from Bio-Rad.
	 2.	Ice-cold 70% ethanol.
	 3.	Ice-cold sterile distilled water.
	 4.	50% glycerol, sterilized by autoclaving.

	 1.	Plasmid DNA prepared using the QIAGEN Maxi Kit (Qiagen 
Inc., Valencia, CA).

	 2.	2.5 M CaCl2 solution.
	 3.	0.1 M spermidine free base (Sigma, St Louis, MO).

2. Materials

2.1. Cleaning of Gold 
Particles

2.2. Coating of Gold 
Particles with Plasmid 
DNA

Fig. 3. Cotransformation with mixed plasmids to insert nonselected sequences in the 
plastid genome without physical linkage to the selectable marker. The nonselected 
sequence may be a gene (30) or a protein tag (31). Plastids contain multiple copies of 
the plastid genome (ptDNA). The selectable spectinomycin resistance (aadA) gene (open 
box) and nonselected gene-of-interest (goi; filled box) are targeted to different regions 
of ptDNA. Clones carrying aadA genes (T1-ptDNA and T2-ptDNA) are selected by spec-
tinomycin resistance and distinguished from spontaneous mutants by streptomycin/
spectinomycin resistance (see text). Approximately 20% of the transplastomic clones 
carries both aadA and the nonselected goi (T2-ptDNA). Based on ref. (30, 31).
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	 4.	70% ethanol.
	 5.	Ice-cold 100% ethanol.

	 1.	Bio-Rad PDS1000/He biolistic gun (Bio-Rad Laboratories, 
Hercules, CA).

	 2.	Macrocarrier disk for PDS1000/He biolistic gun (Bio-Rad).
	 3.	Rupture disk for PDS1000/He biolistic gun (Bio-Rad).
	 4.	Vacuum pump for the gun ThermoSavant VLP285 

(ThermoSavant, Holbrook, NY).
	 5.	Pressurized helium in tank, 99.999% pure, moisture free.
	 6.	Laminar flow hood for bombardment and tissue culture.
	 7.	Whatman No. 4 filter paper disks sterilized by autoclaving in 

glass Petri dish.
	 8.	Sterile Nicotiana sylvestris TW137 plants in Magenta boxes 

(see Note 1) grown on RM plant maintenance medium (see 
Note 2).

	 9.	Petri plate (100 × 15 mm) containing solid RMOP medium 
(20 ml) for leaf bombardment (see Note 3).

	10.	Deep (100 × 20 mm) Petri plates with 50 ml selective RMOP 
containing 500 mg/L Spectinomycin dihydrochloride penta-
hydrate (Sigma, St Louis, MO) (see Note 4).

	11.	70% ethanol.
	12.	Plastic wrap (strips) that is permeable to gas exchange, for 

example, Glad ClingWrap.

	 1.	Deep (100 × 20 mm) Petri dishes containing RM plant main-
tenance medium (see Note 2).

	 2.	Deep (100 × 20  mm) Petri dishes containing a selective 
spectinomycin (500  mg/L; Sigma, St Louis, MO) RMOP 
plant regeneration medium (see Note 3).

	 3.	Deep (100 × 20 mm) Petri dishes containing 500 mg/L each 
of spectinomycin (Sigma, St Louis, MO; Catalog No. S9007) 
and streptomycin (Sigma, St Louis, MO) in the RMOP plant 
regeneration medium (see Note 4).

	 4.	Magenta boxes containing selective spectinomycin 
(500 mg/L; Sigma, St Louis, MO) RM plant maintenance 
medium (see Note 2).

	 5.	Deep (100 × 20 mm) Petri dishes containing RM plant main-
tenance medium (see Note 2).

	 6.	Captan (Bonide Products Inc., Oriskany, NY), a fungicide; 
active ingredient N-Trichloromethylthio-4-cyclohexane-1, 
2-dicarboximide.

	 7.	Plastic trays (10″ × 20″) with holes on bottom with garden 
soil and transparent plastic domes.

2.3. DNA Delivery  
into Chloroplasts  
by the Biolistic 
Process

2.4. Identification  
of Transplastomic 
Plants
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The protocol we describe here was used to obtain transplastomic 
N. sylvestris after bombardment of tissue culture grown leaves 
with the pRB8 (24), pMSK56 (40) and pCK2 (41) plastid trans-
formation vectors. The Ns-pRB8 and Ns-pMSK56 plants carry a 
selectable spectinomycin resistance (aadA) gene. The aadA gene 
in the Ns-pMSK56 plasmids is translationally fused with the green 
fluorescent protein. The Ns-pCK2 plants carry an aurea bar au 
gene linked to aadA. In the Ns-pCK2-INT derivatives the aadA 
gene has been excised with Int, the phiC31 phage site-specific 
integrase. The protocol we describe here for N. sylvestris comple-
ments two other protocols published on plastid transformation in 
N. tabacum from this laboratory: one describing plastid transfor-
mation and marker gene excision by the CRE-loxP site-specific 
recombination system (42); the second on the applications of 
plastid transformation to study mRNA editing (43).

This protocol was modified from Bio-Rad Bulletin 9075.

	 1.	Weigh out 30  mg 0.6  mm gold microcarrier in a 1.5  ml 
Eppendorf tube and add 1  ml ice-cold 70% ethanol. Place 
tube in a Vortex microtube holder and shake vigorously for 
5 min. Let the particles settle in the tube for 15 min at room 
temperature (20–25°C).

	 2.	Spin in microcentrifuge at 3,000 rpm (600 × g) for 1 min to 
compact gold. Remove the ethanol with a pipette and add 
1 ml ice-cold sterile distilled water. Vortex the tube to sus-
pended the particles. Allow the gold particles to settle at room 
temperature for 10 min.

	 3.	Sediment the gold particles by spinning in a microcentrifuge 
at 3,000 rpm (600 × g) for 1 min. Remove water with pipette 
and add 1 ml ice-cold sterile distilled water.

	 4.	Repeat washing the gold particles with water by repeating 
steps 2 and 3.

	 5.	Suspend the gold particles by vortexing and store the tube at 
room temperature for 10 min to allow the particles to settle.

	 6.	Spin the tube in a microcentrifuge at 5,000 rpm (1,700 × g) 
for 15 s, then remove water completely. Add 500 ml 50% glyc-
erol and vortex for 1 min to resuspended particles. Gold con-
centration will be 60 mg/ml. The clean gold can be stored 
for 2 weeks at room temperature.

This protocol was modified from Bio-Rad Bulletin 9075.

	 1.	Place Eppendorf tube containing gold in a Vortex microtube 
holder and shake at setting 3. While tube is shaking, remove 

3. Methods

3.1. Cleaning of Gold 
Particles

3.2. Coating of Gold 
Particles with Plasmid 
DNA
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50 ml aliquots of gold and pipette into ten 1.5 ml Eppendorf 
tubes in a rack (see Note 5). While tubes are shaking, add 5 ml 
plasmid DNA (1 mg/ml), 50 ml 2.5 M CaCl2, and 20 ml 0.1 M 
spermidine free base. Make sure to add the components in 
this order and that the contents are thoroughly mixed before 
adding the next component.

	 2.	Shake tubes on Vortex at setting 3 for 5 min.
	 3.	Sediment gold by spinning in microcentrifuge at 3,000 rpm 

(600 × g) for 1 min. Remove the supernatant and add 140 ml 
70% ethanol to each tube. Tap tube lightly until the pellet just 
starts to come into solution to make sure pellet is not tightly 
packed. If gold does not go into solution by gently tapping 
the tube, break up pellet by pipetting up and down.

	 4.	Sediment gold by spinning in a microcentrifuge at 3,000 rpm 
for 1 min. Remove supernatant and add 140 ml ice-cold 100% 
ethanol to each tube. Lightly tap tube until the pellet just 
starts to come into solution.

	 5.	Sediment gold by spinning in a microcentrifuge at 5,000 rpm 
(1,700 × g) for 15 s. Resuspend coated gold pellet in 50 ml 
100% ethanol by gently tapping tube. Pellet should easily 
enter solution. Shake tubes at setting 3 while waiting to use 
them for bombardment. If tubes are sitting for a long period 
of time before bombardment, replace ethanol in tube with 
fresh 100% ethanol.

The protocol we describe here is for biolistic transformation of 
N. sylvestris leaves collected from plants grown in sterile culture. 
Bombardment of 20–30 leaves with the Bio-Rad PDS1000/He 
gun yields 10–40 transplastomic clones. The Hepta-adaptor ver-
sion of the gun (which is simultaneously using seven macrocarri-
ers) is more efficient; bombardment of five leaves is sufficient to 
obtain 5–25 transplastomic clones.

	 1.	Place leaves for biolistic transformation abaxial side up on two 
sterile Whatman No. 4 filter papers on top of solid RMOP 
medium (20 ml) in a 100 × 15 mm Petri plate. Use more than 
one leaf if necessary to cover the central area of the Petri plate 
(see Note 6).

	 2.	Set up the biolistic gun in a sterile laminar flow hood. Before 
bombardment, wipe off main chamber, rupture disk retaining 
cap, microcarrier launch assembly, and the target shelf of the 
gun with a cloth soaked in 70% ethanol.

	 3.	Sterilize rupture disks (1,100 psi), macrocarriers, macrocar-
rier holders, and stopping screens by soaking in 100% ethanol 
(5  min) then air dry them in tissue culture hood in open 
container.

3.3. DNA Delivery  
into Chloroplasts  
by the Biolistic Process
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	 4.	Turn on helium tank and set pressure in regulator (distal to 
tank) for 1,300 psi (200–300 psi above rupture disk value).

	 5.	Turn on vacuum pump and gene gun. Set the vacuum rate on 
the gene gun to 7 and the vent rate to 2.

	 6.	Prepare DNA-coated gold particles as described above. 
Pipette 10  ml of DNA-coated gold onto macrocarrier or 
“flying disk” in holder and let the disk air dry for 5 min. Five 
samples may be made up at one time if bombardment is car-
ried out with one macrocarrier (or seven, if Hepta-adaptor is 
used).

	 7.	Place rupture disk into retaining cap and screw in place 
tightly.

	 8.	Put stopping screen and flying disk (face down) in microcar-
rier launch assembly and place in chamber just below rupture 
disk. For description see Bio-Rad Bulletin 9075.

	 9.	Place leaf on thin RMOP plate (100 × 15 mm) into chamber 
9 cm (fourth shelf from top) below the microcarrier launch 
assembly and close the door (see Note 7).

	10.	Press vacuum button to open valve. When vacuum reaches 
28 inches of mercury (Hg) hold down fire button until the pop 
from the gas breaking the rupture disk is heard (see Note 8).

	11.	Immediately release the vacuum and remove the leaf sample.
	12.	Repeat steps 6–11 until all leaf samples are bombarded. When 

finished, turn off helium tank, and release pressure by hold-
ing down the fire button while vacuum is on. Turn off vac-
uum pump.

	13.	Place clear plastic sleeves over plates containing bombarded 
leaf samples and incubate in culture room. Incubation allows 
time for marker gene expression before selection is started.

	14.	After 2 days, cut bombarded leaves into small (1 cm square) 
pieces and place abaxial side up in deep plates (100 × 20 mm) 
containing a selective RMOP medium with 500 mg/L spec-
tinomycin. Place only seven pieces per plate as the leaf pieces 
will grow and expand (see Note 9).

	15.	Seal each plate with plastic wrap that is permeable to gas 
exchange and incubate plates in culture room for 4–12 
weeks.

	 1.	The bombarded green leaf sections turn pale on the selective 
spectinomycin medium and expand. Cells carrying trans-
formed spectinomycin-resistant plastids turn green and over-
come the inhibition of shoot regeneration by spectinomycin. 
As a result, transplastomic cells form green shoots on the pale 
leaf sections. However, mutations in the 16S rRNA also con-
fer spectinomycin resistance and yield green shoots (8). 

3.4. Identification  
of Transplastomic 
Plants
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Dissect green shoots that appear 4–12 weeks after bombardment 
onto RM plates for rooting and classification as a transplasto-
mic clone or a spontaneous mutant. Each shoot at a distinct 
location derives from an independent event; therefore, they 
should be treated as independently derived clones. We mark 
the independent clones by a serial number.

	 2.	To distinguish transplastomic clones from spontaneous 
mutants, transfer small (1 cm2) leaf sections of the regener-
ated shoots (Subheading  3.4, step 1) onto (a) selective 
streptomycin–spectinomycin RMOP medium and (b) spec-
tinomycin RMOP medium. Transgenic clones carrying an 
aadA gene are resistant to both spectinomycin and strepto-
mycin, whereas spontaneous spectinomycin-resistant mutants 
are resistant only to spectinomycin (8). Resistance is mani-
fested as formation of green calli with regenerating shoots; 
sensitivity is indicated by the bleaching of leaf sections and 
the absence of shoot regeneration. Classify mutants on the 
streptomycin–spectinomycin medium; pick shoots of the 
transplastomic clones from spectinomycin and transfer them 
onto RM plant maintenance medium (see Note 10). Carry 
out DNA gel blot analyses in leaves regenerated on spectino-
mycin medium to confirm plastid transformation and to test 
the uniformity of ptDNA population (42). At this stage we 
identify the transplastomic clones by the initials of the plant 
species and the transforming plasmid name, for example, 
Ns-pCK2-6A for N. sylvestris transformed with plasmid pCK2, 
serial number 6 and one or more letters of the alphabet to 
indicate the number of shoot regeneration cycles on selective 
medium. Always test plants from three to four independently 
transformed clones because ~10% of plants regenerated in  
tissue culture are sterile due to somaclonal variation.

	 3.	Because the plastid genome is highly polyploid, the plant 
may be chimeric even if it looks homoplastomic on the gel 
blots. Therefore, we repeat plant regeneration on the selec-
tive medium and verify the uniformity of ptDNA by gel blot 
analyses. Plants regenerated 2× on selective spectinomycin 
medium are normally homoplastomic and are marked by the 
addition of two letters of the alphabet, for example, 
Ns-pCK2-6AB.

	 4.	Transfer rooted transplastomic shoots to greenhouse to 
obtain seed. Gently break up the agar; wash roots to remove 
the agar-solidified RM medium; drench the soil after planting 
with Captan to fend off fungal infection; and cover plantlets 
with a plastic dome to prevent desiccation. Grow plants in 
shade for about a week, and then remove plastic dome and 
expose the plants to full sunlight.
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	 5.	Collect mature seedpods from transplastomic plants and let 
the seed dry on the lab bench at room temperature for 1 week. 
Remove moisture for long-term storage by a 2-week storage 
in seed drier.

	 6.	Germinate surface-sterilized seeds on RM-spectinomycin 
(500 mg/L) medium (see Note 2). Seedlings carrying trans-
formed ptDNA will be dark green, whereas sensitive seedlings 
will be white. One hundred percent green seedlings confirm 
uniform population of transformed ptDNA in the transplas-
tomic plants.

	 1.	Nicotiana sylvestris TW137 plants in Magenta boxes. The 
Nicotiana sylvestris ecotype TW137 was obtained from the 
USDA seed collection at NC State University. The fertile 
TW137 was converted to a cytoplasmic male sterile (CMS) 
form by repeated pollination of the N. tabacum CMS92 line 
with N. sylvestris TW137 pollen. We obtained the CMS92 N. 
tabacum line with the Nicotiana undulata cytoplasm from 
Ezra Galun (44). The seeds are vapor sterilized by storing 
them for 3 h in an open 1.5 ml Eppendorf tube in a closed 
desiccator over the mix of 100 ml Clorox bleach and 3 ml 
concentrated (37.8%) HCl. The seed is germinated in deep 
(100 × 20 mm) Petri dishes on RM plant maintenance medium 
(60 ml/dish; see below). The seedlings are grown to plants in 
Magenta boxes containing 80 ml RM medium.

	 2.	The RM plant maintenance medium (MS medium, ref. (45)) 
per liter contains: 100 ml 10× macronutrients, 10 ml 100× 
micronutrients, 5 ml 1% Fe–EDTA, 30 g sucrose, pH 5.6–5.8 
with 1 M KOH; 7 g agar). RM Medium 10× macronutrient 
solution per liter contains: 19 g KNO3, 3.7 g MgSO4 ⋅ 7H2O, 
4.4 g CaCl2 ⋅ 2H2O, 1.7 g KH2PO4, 16.5 g (NH4)NO3 . RM 
Medium 100× micronutrient solution per liter contains: 
169 mg MnSO4 ⋅ H2O, 62 mg H3BO3, 86 mg ZnSO4 ⋅ 7H2O, 
8.3  mg KI, 2.5  ml Na2MoO4⋅2H2O (1  mg/ml), 2.5  ml 
CuSO4 ⋅ 5H2O (1 mg/ml), 0.25 ml CoCl2 ⋅ 6H2O (1 mg/ml). 
Agar, plant tissue culture tested (Sigma, St Louis, MO).

	 3.	RMOP shoot regeneration medium (46) per liter contains: 
100 ml RM medium 10× macronutrients, 10 ml RM medium 
100× micronutrients, 5  ml 1% Fe–EDTA, 1  ml thiamine 
(1 mg/ml), 0.1 ml alpha-naphthaleneacetic acid (NAA 1 mg/
ml in 0.1 M NaOH), 1 ml 6-benzylaminopurine (BAP 1 mg/
ml in 0.1 M HCl), 0.1 g myo-inositol, 30 g sucrose, pH 5.8 
with 1 M KOH, 7 g agar.

4. Notes
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	 4.	The selective RMOP medium contains filter-sterilized 500 mg/L 
spectinomycin dihydrochloride (Sigma, St Louis, MO), or 
500 mg/L streptomycin sulfate (Sigma, St Louis, MO), or both. 
The composition of RMOP medium is described above.

	 5.	With one DNA construct 20–30 single leaves are bombarded. 
Each tube (30 mg) of gold is sufficient for 50 bombardments 
(two DNA constructs). One may use freshly prepared gold 
particles, or stored gold. If using stored gold, vortex tube for 
5 min before coating with DNA.

	 6.	If you are using greenhouse leaves, you need to surface steril-
ize the leaves and cut out a segment that covers the plate. 
Greenhouse leaves may be surface sterilized by rinsing the 
leaves in water containing a drop of surfactant (Tween 80 or 
liquid soap) to remove dirt; dipping the leaves in 70% etha-
nol; and placing them in diluted commercial bleach (tenfold 
diluted Clorox; final sodium hypochlorite concentration is 
~0.6%) for 3 min. The bleach should be thoroughly removed 
by rinsing the leaves in sterile distilled water 5×.

	 7.	Leaves should be prepared in advance of transformation and 
may be stored on top of the filter paper in a “ready-to-shoot” 
state for at least a half day.

	 8.	If gun is fired at a lower vacuum pressure, the DNA-coated 
particles will lack the momentum to penetrate cells and no 
transplastomic lines will be obtained. If you have no experi-
ence with biolistic transformation, we recommend that you 
test particle coating and DNA delivery using transient expres-
sion of a nuclear uidA gene that encodes the enzyme 
b-glucuronidase, the activity of which can be readily detected 
by histochemical staining (47, 48).

	 9.	Leaf pieces from 1 leaf fit on 3–5 plates. If the leaf sections are 
too large, there will be insufficient nutrient in the medium to 
support growth for up to 12 weeks, the time frame within which 
transplastomic clones appear. Diagnostic sign of overcrowding 
is absence of spontaneous spectinomycin-resistant mutants and 
transplastomic clones. Overcrowding may be also caused by less 
than the desired 50 ml culture medium in a deep plate.

	10.	We prefer to work with shoots regenerated on spectinomycin, 
because streptomycin is a mutagen.
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