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Abstract Plastid transformation is conducted by homol-

ogous recombination. Plastid transformation using a vec-

tor-containing promoter and/or terminator sequences

homologous to the plastid DNA for transgene expression

often results in the generation of unintended extrachro-

mosomal DNA molecules derived from the initial plastid

DNA molecule via intramolecular recombination. All the

extrachromosomal DNA molecules, including those lack-

ing the ori sequence, found in the T0 plastid-transformed

tobacco plants were still detected in the T3 plants. These

results suggest that the extrachromosomal DNA molecules

are newly generated from the initially transformed plastid

DNA that is transmitted to the progeny during each gen-

eration. In addition, inward, outward, and overlap exten-

sion PCR of the extrachromosomal DNA molecules

confirmed that these molecules were circular.

Keywords Extrachromosomal DNA � Homologous

recombination � Plastid transformation � Tobacco

Introduction

Plastid transformation in higher plants occurs through

homologous recombination. Transformation vectors con-

tain a pair of sequences homologous to the plastid DNA

between which the transgene is inserted (Staub and

Maliga 1992). Previously, these vectors were often con-

structed using promoter and/or terminator sequences

homologous to the host plastid DNA for transgene

expression. This technique results in the generation of

extrachromosomal DNAs via unintended intramolecular

recombination between the homologous promoter and/or

terminator sequences derived from the vector and the

plastid DNA (Gray et al. 2009).

The presence of extrachromosomal DNA was first

described by Staub and Maliga (1994), who reported that

plastid DNA sequences from the trnI gene, designated

NICE1, were transmitted to the progeny. However, Cor-

neille et al. (2003) observed that no extrachromosomal

DNA species were generated after multiple unintended

recombination events in transgenic plastids following

CRE-lox recombination in plants grown from seed.

Likewise, Gray et al. (2009) reported that the abundance

of unintended DNA species was lower in T1 than T0

progeny.

Intramolecular recombination is successfully prevented

by replacing homologous promoter and/or terminator

sequences with heterologous sequences, which results in no

extrachromosomal DNA species (Gray et al. 2009). How-

ever, it remains unclear whether extrachromosomal DNAs

generated via intramolecular recombination are retained in

progeny and whether intramolecular recombination only

occurs during the plastid transformation process. In this

study, we conducted plastid transformation of tobacco

plants using a plastid transformation vector-containing
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promoter and terminator sequences homologous to the host

plastid DNA and observed the fate of extrachromosomal

DNAs in the progeny. We found that the extrachromoso-

mal DNAs were retained even in the T3 generation and that

the extrachromosomal DNAs could be newly generated in

the progeny.

Materials and methods

Construction of a conventional plastid

transformation vector

The pCtVG plastid transformation vector was employed for

the insertion of the aadA and gfp transgenes connected to

the psbA terminator under the control of the rrn promoter

between trnI and trnA in the plastome. The pCtVG vector

was constructed via insertion of the ribosome binding

sequence linked to the mGFP4 gene into the XbaI site

between the aadA gene and psbA terminator of the

pSBLCtV2 vector (Guda et al. 2000). This vector has four

homologous sequences to the tobacco plastome, which

includes the trnI and trnA genes as border sequences

flanking the transgene unit, and the rrn promoter and psbA

terminator sequences for transgene expression, derived

from the corresponding genes in the plastome (Fig. 1a).

Production of transplastomic plants

The vector DNA was introduced into leaf plastids using a

particle delivery system (PDS-1000/He, BioRad). After

bombardment, the leaf explants were cultured on Mura-

shige and Skoog (1962) medium supplemented with 1 mg/

L 6-benzyladenine, 0.1 mg/L a-naphthaleneacetic acid,

and 500 mg/L spectinomycin dihydrochloride. To generate

homoplasmic transplastomic plants, the leaf explants were

excised from regenerated shoots and cultured on the same

medium to induce shoots. This procedure was repeated

once more, and finally the regenerated shoots were trans-

ferred to MS medium with 500 mg/L of spectinomycin

dihydrochloride without growth regulators for rooting. The

putative transplastomic plantlets were acclimated, trans-

planted to potting soil, and then grown to maturity in a

growth chamber (27 �C, approximately 50 lmolm-2 s-1

from cool-white fluorescent lamps with a 16-h

photoperiod).

Southern blot analyses

Total DNA was extracted from the leaves of one wild-type

plant and independent transplastomic plants at almost the

same developmental stage using Plant DNeasy� (Qiagen,

Germany), followed by digestion with BamHI, BglII, or
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Fig. 1 Introduction of aadA and gfp in a dicistronic manner into

tobacco plastome using the pCtVG vector. a The transgenes (aadA

and gfp) are controlled by the rrn promoter and psbA terminator and

bordered by trnI and trnA on the right and left sides, respectively. The

transgenes are integrated into the plastid genome via homologous

recombination between the same trnI and trnA sequences of the

vector and the plastome. b–d PCR analysis of transplastomic plants.

trnI-trnA, PCR amplification using the FI and RA primers; trnI-GFP,

PCR amplification using the primers FI and GR1; aadA-trnA, PCR

amplification using the primers A5 and RA. e Southern blot analysis

of one transplastomic plant. 1–10, ten independent transplastomic

plants (T0 generation); WT wild-type plant; T transplastomic plant (T0

generation)
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EcoRI, and undigestion. Approximately, 5 lg of digested

or undigested DNA were electrophoresed on 0.8 % agarose

gel and blotted onto Zeta-Probe� GT Blotting membranes

(Bio-Rad). For hybridization, [a-32P] dCTP-labled probes

were generated via random priming (RediprimeTM II

labeling system; Amersham) in accordance with the man-

ufacturer’s instructions. A 0.5 kb DNA fragment for aadA

probe, 0.45 kb DNA fragment for psbA probe, 0.39 kb

DNA fragment for trnI probe, and 0.15 kb DNA fragment

for trnA probe were prepared via PCR amplification with

the primer pairs A5/A3, PAF2/PAR1, trnIF3/trnIR4, and

trnAF1/trnAR1, respectively. Prehybridization, hybridiza-

tion, and washing of the membrane were conducted in

accordance with the manufacturer’s instructions.

PCR analyses

The primers utilized in this study are listed in Table 1.

Total DNA, primers, and the reaction buffers were incu-

bated in a DNA thermal cycler (GeneAmp PCR system

9700; Applied Biosystems) under the following conditions:

94 �C for 5 min followed by 30 cycles of 94 �C for 1 min,

55 �C for 1 min, and 72 �C for 1–2 min, followed by a

final 7 min extension at 72 �C before electrophoresis.

PCR amplification of the 2.8 and 21 kb subgenomic

molecules

PCR primers were designed to amplify the 2.8 and 21 kb

subgenomic circles (Table 1). For the 2.8 kb circle, PCR

was conducted using three primer sets (trnIF3/rrn16R1,

rrn16F5/rrn16R1, and trnIF4/trnIR7) which bind to the

trnI and 16S rRNA genes (Fig. 5c). The resultant product

was cloned into pGEM�-T Easy vector (Promega) for

sequencing. The 21 kb subgenomic circle was amplified

with three primer sets (LIP/RIP, LOP/ROP, LOP/OvRtP)

facing in inward and outward orientations, and the OvRtP

primer overlapped the LOP primer with a reverse orienta-

tion on the trnH gene from the genomic DNA of a

transplastomic plant via long-range PCR with TaKaRa LA

Table 1 Primers used for the sequencing and amplification of DNA fragments by PCR

Name Sequence (50–30) Oligonucleotide-

positioned gene

Tobacco plastome-position (NCBI reference

sequence: NC_001879.1

H ACGGGAATTGAACCCGCGCA trnH 14–33

LOP AATCCACCATGCGCGGGTTCAATTCCCGTCGTTC trnH 42–9

ROP CACAATCCACTGCCTTGATCCACTTGGCTACATCC trnH 43–77

LIP GAACGACGGGAATTGAACCCGCGCATGGTGGATT trnH 9–42

RIP GGATGTAGCCAAGTGGATCAAGGCAGTGGATTGTG trnH 77–43

OvRtP CCCGCGCATGGTGGATTCACAATCCACTGCCTTGA trnH 26–60

PAR1 ACAACGGTGGTCCTTATGAAC psbA 1256–1276

PAF2 ACCATGAGCGGCTACGATG psbA 837–855

FI CCGTAGGTGCGATGATTTACTTC trnI 105270–105291, 137334–137356

trnIF3 CTCGAGCACAGGTTTAGCAA trnI 104891–104910, 137717–137735

trnIF4 AATTGGTTGGACCGTAGGTG trnI 105259–105278, 137348–137367

trnIR7 GCCCGTGAAGTAAATCATCG trnI 105298–105279, 137328–137347

trnIR4 CACCTACGGTCCAACCAATT trnI 105259–105278, 137348–137367

RA AGAGTCTTTCAGTGGCACGTTTC trnA 105540–105562, 137064–137086

trnAF1 TGCGATTACGGGTTGGATGT trnA 105441–105460, 137166–137185

trnAR1 GTTCTTGACAGCCCATCTTT trnA 105571–105590, 137036–137055

MK GACCGATTTGGGCGTATATG matK 2421–2440

RP23 GAAGAATGGGACCTATTATG rpl23 88336–88355, 154271–154290

70B ATAGGGGCAGTTGACAATTG orf70B 102301–102320, 140306–140325

rrn16R1 GAACGAATTCACCGCCGTAT rrn16 104080–104061, 138536–138–555

rrn16F5 CTAGTAATCGCCGGTCAGCC rrn16 104051–104060, 138556–138–575

RR23 CCTGCCCATGGATTCAGCAG rrn23 106466–106485, 136141–136160

A5 CCCTGGAGAGAGCGAGATT aadA Transgene aadA

A3 TTCAAGTATGACGGGCTGA aadA Transgene aadA

GR1 GTTTGTCTGCCGTGATGTATACGTT mGFP4 Transgene GFP
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Taq polymerase. Cycle conditions for long-range PCR

were as follows: 94 �C for 2 min, 5 cycles of 98 �C for

10 s, 65 �C for 20 s, and 68 �C for 18 min, then, 25 cycles

of 98 �C for 10 s, and 68 �C for 18 min, with a final

extension step of at 72 �C for 10 min, in a T-gradient

(Biometra, T1 Thermocycler, USA). The amplified PCR

products containing the 21 kb circle were electrophoresed

on 0.8 % agarose gel.

DNA sequencing

The purified PCR products were directly subjected to

sequencing or were cloned into pGEM�-T Easy Vector

System prior to sequencing. For sequencing, the universal

oligonucleotides T7 and SP6 primers, and/or the gene-

specific oligonucleotides PAF2, PAR1, A5, and GR1 were

used. Sequencing was conducted using an Applied

Biosystems automatic DNA sequencer (ABI370) at the

Genotech Co. Sequencing Center (Daejeon, Korea).

Northern blot analysis

Total RNA was extracted using Trizol from the leaves of

wild-type and independent transplastomic plants in accor-

dance with the manufacturer’s instructions. Five micro-

grams of total RNA were electrophoresed into 1.4 %

agarose formaldehyde denaturing gel and transferred to

Zeta-Probe� GT membranes (Bio-Rad). After UV cross-

linking, the RNA blot was hybridized with the gfp probe.

The 0.5 Kb gfp-specific DNA fragment was amplified with

pCtVG vector as a template and the GFP-F (50-GAA GGT

GAT GCA ACA TAC GGA AAA-30) and GFP-R (50-GTT
TGT CTG CCG TGA TGT ATA CGT T-30) primers by

PCR. Prehybridization and hybridization were conducted

overnight at 65 �C, and the membranes were washed at

65 �C in accordance with the manufacturer’s instructions.

RNA loading was monitored via methylene blue staining of

the membranes.

Results

Generation of transplastomic plants and detection

of aadA and gfp by PCR

Transplastomic plants were generated using the homolo-

gous recombination vector pCtVG to insert the aadA and

gfp transgenes into the site between trnI and trnA in the

plastome. Due to the presence of the gfp gene, transplas-

tomic plants emitted green fluorescence under UV light,

which allowed for discrimination against wild-type plants.

We selected 10 transplastomic plants emitting green fluo-

rescence and conducted PCR to determine whether the

transgenes had been incorporated properly into the plastid

genome using the FI and RA primers that bind to the trnI

gene and trnA gene, respectively (Table 1; Fig. 1). PCR

analysis showed that the aadA and gfp transgenes, under

the control of the rrn promoter and psbA terminator derived

from the tobacco plastome, were incorporated correctly

between trnI and trnA in the plastome of transplastomic

plant lines 1, 2, 3, 5, 8, 9, and 10 (Table 1; Fig. 1b).

However, total DNA from the other three plants (lines 4, 6,

and 7) generated no amplicon bands (Fig. 1b).

PCR with the FI and GR1 primers designed to amplify

the sequence between trnI and gfp detected a single

amplicon band from all 10 plants (Table 1; Fig. 1c),

whereas PCR with the A5 and RA primers, designed for

the amplification of the DNA fragment between aadA to

trnA, generated a single amplicon band from the above

seven plants, but no amplicon bands from the above three

plants. These results showed that the transgenes were

connected to the trnI gene in all 10 plants as intended,

whereas the transgenes were not connected to the trnA

gene in the three plants, in which homologous recombi-

nation was probably underway. Homologous recombina-

tion occurs via a multistep process, in which one end is

integrated into the host DNA before the other end (Klaus

et al. 2004).

Southern blot analysis using the aadA gene as a probe

verified that the transgenes were incorporated correctly

between trnI and trnA in the plastome of the soil-grown

transplastomic plant (line 1 in Fig. 1) as intended, which

was indicated by a 9.3 kb band in the BamHI digestion and

a 6.5 kb band in the BglII digestion (Fig. 1e). From the

BamHI-digested plastid DNAs, 9.3 and 4.3 kb bands were

detected, whereas 6.5 and 9.1 kb bands were observed with

the BglII-digested plasmid DNA. The 9.3 and 6.5 kb bands

were major bands, whereas the 4.3 and 9.1 kb bands were

minor bands. The two major bands showed that the plas-

tome was transformed via homologous recombination

between the trnI and trnA intergenic region as intended.

However, the two minor bands were not the intended ones,

which indicates that additional unintended recombination

events may have occurred in the initial recombinant

plastome.

Postulation of a possible mechanism to generate

subgenomic circles from the initial recombinant

plastome

The initial recombinant plastome retained two sets of the

additional rrn promoter and the psbA terminator as a

consequence of homologous recombination for the inte-

gration of the transgenes (because the transgenes were

incorporated into the inverted repeat region of the plas-

tome, the recombinant plastome would eventually contain
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additional two sets of the promoter and terminator). For

simplicity’s sake, we proposed illustrations depicting one

set of the promoter and terminator in the one side of the

inverted repeat. Therefore, the psbA terminators could be

lined up as shown in Fig. 1a, and subsequent intramolec-

ular recombination would occur, thereby resulting in the

excision of the initial recombinant plastome to two

subgenomic circles (21 and 139 kb), as proposed in

Fig. 2a. The 21 kb subgenomic circle was postulated to

repeat further excision via intramolecular recombination

between intra-element rrn promoters to generate 2.8 and

18.2 kb subgenomic circles, as shown in Fig. 2a. Alterna-

tive production of subgenomic circles was postulated in

Supplementary Fig. 1A and 1B.

Generation of a 21 kb subgenomic circle

via intramolecular recombination between two psbA

terminators

In transplastomic plants, the transgene unit (Prrn-aadA-

gfp-TpsbA) was inserted into the site between trnI and trnA

in the Inverted repeat region of the plastome. The resultant

recombinant plastome harbored additional rrn promoter

and psbA terminator sequences as direct repeats, and an

inverted repeat for the native rrn promoter and psbA ter-

minator sequences, respectively. The rrn promoter and

psbA terminator are frequently utilized to control transgene

expression in plastid transformation (Jeong et al. 2004;

Maliga 2004; Karimi et al. 2013; Roh et al. 2014).

Fig. 2 Postulation of intramolecular recombination to release the

subgenomic circles in the transplastome of the transplastomic plants.

a Generation of 21 and 139 kb subgenomic circles via intramolecular

recombination between psbA terminators. b Generation of 2.8 and

18.2 kb subgenomic circles by intramolecular recombination between

rrn promoters of 21 kb subgenomic circles
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The presence of subgenomic circles was demonstrated

via PCR, Southern blot analysis, and PCR product

sequencing analysis. The 21 kb subgenomic circle would

be generated via intramolecular recombination between

intra-element psbA terminators (Fig. 2). Two minor bands

of 4.3 and 9.1 kb observed in Southern blot analysis

(Fig. 1e) seemed to indicate the presence of two subge-

nomic circles, which could subsequently be generated from

the excision of the 21 kb subgenomic circle, as the pro-

posed 21 kb circle harbors two BamHI sites with a 4.3 kb

distance around the transgenes (One site is located on the

rrn promoter and the other site between rpl23 and ycf2).

The minor 9.1 kb band indicated the presence of the 21 kb

subgenomic circle, because the 21 kb circle could generate

the 9.1 kb fragment harboring the transgenes after BglII

digestion (One site is located between rps12 and ORF70B

and the other site on ycf2).

Two amplicon bands of 2.3 and 4.0 kb were detected via

PCR with the FI/H and FI/RP23 primers in all analyzed

transplastomic plants, whereas the H and RP23 primers

bind to the trnH and rpl23 genes, respectively (Table 1;

Fig. 3). These two amplicon bands could not be generated

from the wild-type plastome, or if the plastome was

transformed via homologous recombination, could be

generated only in the trnI and trnA intergenic region. To

characterize the manner in which these two amplicon bands

were generated, the 2.3 kb amplicon band was sequenced,

comprising trnI-Prrn-aadA-gfp-TpsbA-trnH (Fig. 3c). If

only the intended homologous recombination event had

occurred between trnI and trnA, the order of genes should

have been trnI-Prrn-aadA-gfp-TpsbA-trnA (The map of the

recombinant plastome is shown in Fig. 3a). If another

homologous recombination had occurred between intra-

element psbA terminators for the expression of the dicis-

tronic transgenes (aadA and gfp) and the native gene, the

21 kb circular DNA molecule harboring the trnI-Prrn-

aadA-gfp-TpsbA-trnH DNA sequence could be generated

as a subgenomic circle. To confirm the presence of the

21 kb circular DNA, three primer sets were designed with

inward (LIP and RIP), outward (LOP and ROP), and 17 bp

overlapped (OvRtP) to LOP with a reverse orientation on

the trnH gene, after which long-range PCR was conducted

with a transplastomic plant (Table 1; Fig. 3d). PCR

detected a 21 kb DNA fragment within all three sets of

primers from a transplastomic plant, but no amplicon bands

from a wild-type plant, thereby indicating that the 21 kb

subgenome was circular. Overall results, including the

results of PCR, Southern blot analysis, and PCR product

sequencing analysis definitively supported the presence of

the 21 kb DNA subgenomic molecules in the transplas-

tomic plant, in accordance with our expectations.

Generation of a 139 kb subgenomic circle

via intramolecular recombination between two psbA

terminators

If the 21 kb DNA molecules had been derived from the

plastome initially transformed by pCtVG, a plastome

21 kb shorter than the initial recombinant plastome

must have been observed (The shorter plastome should

be 139 kb long) (Figs. 2, 4a). To determine whether

such a plastome exists, PCR using primers (RA/PAR1

and RR23/MK) was conducted, in which PAR1, RR23,

and MK bind to the psbA coding region, the rrn23

gene, and the matK gene, respectively (Table 1;

Fig. 4). The sequence distance between trnA and psbA

was 21 kb. If the plastids had harbored only the initial

recombinant plastome and the 21 kb subgenomic circle,

PCR using the RA and PAR1 primers should have

generated 21 kb amplicon bands or no amplicon bands,

because the 21 kb subgenomic circle is too long to be

amplified via regular PCR. However, PCR generated

1.4 (using RA/PAR1 primers) and 3.5 kb amplicon

bands (using RR23/MK primers) from seven of 10

transplastomic plants (Fig. 4a–c). To determine how

these amplicon bands were generated, the 1.4 kb

amplicon band was sequenced, revealing trnA-psbA

(Fig. 4a, the diagram and DNA sequence). These

results of PCR amplicon and sequencing supported that

a 139 kb subgenome was present in T0 plants. If only

the intended homologous recombination event had

occurred, the gene order of trnA-psbA could not have

been generated. Southern blot analysis using the trnA

gene as a probe detected three bands at 2.5, 1.9, and

0.5 kb from the recombinant plastome digested with

BamHI/BglII in the T1 generation of the transplastomic

plant (Fig. 4d). The 2.5 kb band was a major band and

the other bands were minor bands, indicating that the

recombinant plastome was transformed in accordance

with the intended homologous recombination in the

trnI and trnA intergenic region (one BamHI site on the

rrn promoter and the other BglII site on trnA in the

initial recombinant plastome, Fig. 3a), and the 1.9 kb

band supported the presence of a 139 kb circular DNA

molecule (one BglII site on trnA and the other BglII

site between psbA and matK in Fig. 4a). These results

bolstered the notion that a 139 kb circular DNA

molecule coexisted with the initial recombinant plas-

tome and the 21 kb subgenomic circle in the plastids of

the transplastomic plants. The minor 0.5 kb band was

also detected in the wild-type plants, thus suggesting

that these transplastomic plants retained the residual

wild-type plastome.
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Generation of 18.2 and 2.8 kb subgenomic circles

via intramolecular recombination between two rrn

promoters

Because the rrn promoter for the expression of the trans-

genes was also integrated into the recombinant plastome,

another intramolecular recombination could occur between

the two identical sequences derived from the vector and the

native 16S rRNA gene within the initial recombinant

plastome. As a result, we expected to generate another

subgenomic circle including 2.8, 18.2, and 154 kb, as

shown in the illustration in Fig. 2a, b and Supplementary

Fig. 1B. To detect these subgenomes, PCR was conducted

using various primer combinations (listed in Table 1). PCR

detected one major amplicon band of 2.45 kb and one

minor band of 5.25 kb using the 70B and H primers that

bind to the orf70B gene and trnH genes, respectively, only

from the transplastomic plants (T0 generation) (Fig. 5a).

PCR also detected one major amplicon band of 1.1 kb and

one minor band of 3.9 kb using the 70B and A3 primers for

the aadA transgene (T0 generation) (Fig. 5b). The 5.25 and

3.9 kb amplicon bands can be amplified from the 21 kb

subgenomic circle. However, the 2.5 and 1.1 kb amplicon

bands cannot be generated from the proposed subgenomic

a

Recombinant
Plastid genome

rrn16 trnI aadA trnA rrn4.5
trnV Prrn rbs TpsbA

rrn23mGFP

rrn16 trnI aadA trnH rpl23

trnV Prrn rbs psbAT

rpl2

FI-H (2.3 kb)
FI-RP23 (4.0 kb)

mGFP

21 kb subgenome

BglIIBamHI

1    2   3    4   5   6   7    8   9  10  WT

trnI-trnHb trnI-rpl23
1    2    3   4    5   6    7   8    9  10  WT

c
psbA T (nucleotide upstream-141) trnH (nucleotide 80-6)Nucleotide 140-81

Nucletide 137296-trnApsbA T (nucleotide upstream-141)

21 kb subgenome

d

21 Kb subgenomic circle

LOP ROP
LIP RIP

OvRtP

trnH

/H     WT  T         WT  T       WT  T    1 Kb
LIP/RIP LOP/OvRtP LOP/ROP

Fig. 3 Demonstration of the presence of a 21 kb subgenomic circle.

a Diagram of the 21 kb subgenome and initial recombinant plastome.

b PCR analysis of the 21 kb subgenome. trnI-trnH, PCR amplifica-

tion using the FI and H primers; trnI-RP23, PCR amplification using

the FI and rpl23 primers. c Sequence of PCR product amplified using

the FI and H primers. d Long-range PCR analysis for 21 kb

subgenomic circle using the LIP/RIP, LOP/OvRtP, and LOP/ROP

primer sets; 1–10, 10 independent transplastomic plants (T0 gener-

ation); WT wild-type plant; T transplastomic plant line 1; H lambda

HindIII DNA size marker
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circles of 21, 139, or 160 kb (initial recombinant plas-

tome). These results demonstrate that the transgene cassette

(Prrn-aadA-gfp-TpsbA) was rearranged in a different

manner to generate the 21 and 139 kb subgenomes. These

amplicon bands could be amplified if another homologous

recombination event had occurred between the intra-ele-

ment rrn promoters derived from the element for transgene

expression and the native rrn gene in the plastome, the

promoter region of the 16S rRNA gene, to generate a

18.2 kb subgenome (the 18.2 kb subgenome does not

contain the 16S rRNA gene and trnI gene), which could be

produced via intramolecular recombination between direct

repeats of the rrn promoter sequences in the 21 kb

subgenome (Figs. 2, 5c). DNA sequencing revealed that

the 2.5 kb amplicon band was composed of orf70B-trnV-

Prrn-aadA-gfp-TpsbA-trnH (without 16S rRNA gene and

trnI gene) (Supplementary Fig. 2, instead of the expected

gene order: orf70B-trnV-16S rRNA-trnI-Prrn-aadA-gfp-

TpsbA-trnH, thereby indicating that another 18.2 kb sub-

genome without two 16S rRNA-trnI genes coexisted with

other subgenomic DNA molecules within the plastids of

transplastomic plants.

The 21 kb subgenome could be rearranged via

intramolecular recombination at the direct repeats of rrn

promoters of the transgenes and the native gene to release a

2.8 kb subgenomic circle harboring only the two 16S

Fig. 4 Demonstration of the presence of a 139 kb subgenomic circle.

a Diagram of a 139 kb subgenomic circle and sequence of PCR

products amplified using the RA (for trnA) and PAR1 (for psbA)

primers on the 139 kb subgenomic circle. b, c PCR analysis of

transplastomic plants. trnA-psbA, PCR amplification using the RA

and PAR1 primers; rrn23-matK, PCR amplification using the RR23

(for rrn23) and MK (for matK) primers. d Southern blot analysis of

one transplastomic plant. 1–10, 10 independent transplastomic plants

(T0 generation); WT wild-type plant; T1, T1 generation of transplas-

tomic plant
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rRNA-trnI genes, leaving the 18.2 kb subgenomic circle

missing these two genes (Figs. 2, 5c). PCR and Southern

blot analysis were conducted to determine the presence of

the 2.8 kb subgenomic circle in the transplastomic plant

(T0 and T2 generations). PCR detected the 2 kb amplicon

band using the trnIF3 and rrn16R1 primers that bind to the

trnI and 16S rRNA genes, respectively (Fig. 5d). PCR with

two sets of primers including rrn16R1/rrn16F5 and trnIR7/

trnIF4, which bind to the 16S rRNA gene or the trnI gene

with an inward orientation, respectively, verified the pres-

ence of the 2.8 kb subgenomic circle. A 3 kb amplicon

band was detected only from transplastomic plants

(Fig. 5e). These primer sets cannot amplify the specific

amplicon bands from 160, 139, 21 kb, and other possible

subgenomes, if any, with the exception of the 2.8 kb

subgenomic circle. Sequencing of the 2 and 3 kb DNA

fragments (Supplementary Fig. 2) showed that the trnI

gene was followed by the 16S rRNA gene in the PCR

product (The 16S rRNA gene is followed by trnI in the

wild-type tobacco plastome). Southern blot analysis using

the trnl gene as a probe detected several major bands and a

minor band corresponding to 2.8 kb from the EcoRI-di-

gested DNA of the T0 and T2 generations of transplastomic

plants and other two minor bands between 1 and 3 kb from

undigested DNA (Fig. 5f). These results indicate that a

2.8 kb circular DNA molecule coexists with other

subgenomic molecules within the plastid. A similar

intramolecular recombination event between direct repeat

sequences of the Prrn promoter might also have occurred

in the initial recombinant plastome (160 kb), which was

subsequently excised to 2.8 and 154 kb subgenomic

circles.

The overall results of this study demonstrated that

intramolecular recombination occurred between direct

repeats of the rrn promoter and inverted repeats of the psbA

terminator, generating various subgenomic circles after

initial homologous recombination between the plastid

transformation vector and the plastome. All of these

subgenomic circles were stably maintained in the absence

of selection.

Construction of a new vector to prevent generation

of subgenomic circles from the initial recombinant

plastome

In this study, we demonstrated that the initial recombinant

plastome generated by a conventional vector containing a

native promoter and terminator for transgene expression

cannot avoid subsequent intramolecular recombination

between the intra-element promoters and between termina-

tors. As a result, various subgenomic circles in the plastid

were detected in all analyzed transplastomic plants, which is
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Fig. 5 Demonstration of the

presence of 2.8 and 18.2 kb

subgenomic circles. a, b PCR

analyses for subgenomic circles.

70B-trnH, PCR amplification

using the 70B and H primers;

70B-aadA3, PCR amplification

using the 70B and A3 primers.

c Diagram for 2.8 kb

subgenomic circle. d, e PCR

analysis for a 2.8 kb

subgenomic circle. trnIF3-

rrn16R1, PCR amplification

using the trnIF3 and rrn16R1

primers; rrn16, PCR

amplification using the rrn16F5

and rrn16R1 primers with

inward orientation; trnI, PCR

amplification using the trnIF4

and trnIR7 primers with inward

orientation. f Southern blot

analysis for the presence of the

2.8 kb subgenome in T0 and T2
generations. WT wild-type

plant; digested Southern blot

with EcoRI-digested DNA;

undigested Southern blot

without prior restriction enzyme

digestion
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not the intent of plastid transformation. Transplastomic

plants with such subgenomic circles would suffer from

genetic instability owing to low levels of homoplasmy.

To prevent the generation of subgenomic circles from

the initial recombinant plastome, we constructed a new

plastid transformation vector by replacing the rrn promoter

and psbA terminator for transgene expression in the pCtVG

vector with the clp promoter from rice and the rrnB1B2

terminator of the rRNA gene from E. coli, respectively

(Fig. 6a). The resultant recombinant plastome would con-

tain no repeats of the rrn promoter and the psbA terminator,

such that the generation of subgenomic circles via

intramolecular recombination would be prevented.

Accordingly, we generated transplastomic plants using the

new vector. No extra bands were detected when soil-grown

plants were subjected to Southern blot analysis using the

aadA and trnA genes as probes (Fig. 6b, c), whereas two

extra bands of 9.1 and 1.9 kb were detected from the

transplastomic plants (T2 generation) generated using the

pCtVG vector, which were assumed to represent the 21 kb

and 139 kb subgenomic circles, respectively (lane T2 of

Fig. 6b, c). To maximize the stringency of the detection of

extra amplicon bands, if any, PCR was conducted using

four sets of primers (FI/RA, FI/H, RR23/MK, and 70B/

A3), resulting in no extra amplicon bands from transplas-

tomic plants generated using the new vector, which were

maintained in vitro in the presence of selection, whereas

subgenomic circles were detected in control plants (pCtVG

transformed T2 generation) (Fig. 6d). These results verified

our hypothesis that subgenomic circles are generated from

the initial recombinant plastome via intramolecular

recombination between homologous promoters and/or

between homologous terminators.

Discussion

Extrachromosomal DNAs were detected in progeny

Extrachromosomal DNA molecules were also detected in

the progeny of plastid-transformed tobacco plants. A

2.3 kb amplicon was generated by PCR amplification using

Fig. 6 Production and analysis of transplastomic plants using a new

plastid transformation vector. a Plastid transformation vector to

prevent intramolecular recombination in transplastome. trnI, plastidic

trnI gene of tobacco; rclpP, promoter region of the clp gene of rice;

rrnB1B2, terminator region of the E. coli rrn gene; trnA, plastidic

trnA gene of tobacco. b Southern blot analysis performed with aadA

probe. c Southern blot analysis performed with trnA probe. d PCR

analysis of transplastomic plants. Total DNA from soil-grown T0

transplastomic plants was digested with BglII for Southern blot

hybridization. WT wild-type; 1–10 transplastomic plants generated by

new vector; T2 T2 generation of transplastomic plant generated by

pCtVG vector; trnI-trnA PCR amplification using the FI and RA

primers; trnI-trnH PCR amplification using the FI and H primers;

rrn23-MatK, PCR amplification using the RR23 and MK primers;

70B-A3 PCR amplification using the 70B and A3 primers
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trnI and trnH primers (lane T2 of Fig. 6d), indicating that

the 21 kb subgenomic DNA sequence was present in the T2

progeny. PCR amplification with the RR23 and MK pri-

mers generated a 3.5 kb amplicon (lane T2 of Fig. 6d).

Southern blot analysis indicated a 1.9 kb sequence from the

recombinant plastome digested with BamHI/BglII in the T1

and T2 generations of the transplastomic plants (Figs. 4d,

6c), indicating that a 139 kb subgenomic DNA sequence

was present in the progeny. PCR amplification with the

trnIF/rrn16R and rrn16/trnI primers and Southern blot

analysis detected 2.0 kb and 2.8 kb sequences and corre-

sponding bands for a 2.8 kb subgenomic circle in the T2

generation (Fig. 5d–f). These data indicate that the 2.8 kb

subgenomic DNA sequence was present in the progeny.

PCR amplification with the 70B and A3 primers also

generated a 1.1 kb amplicon in T2 progeny (lane T2 of

Fig. 6d), indicating that an 18.2 or 154 kb subgenomic

DNA sequence was present. Subgenomic circles were also

detected in T3 generation (data not shown). Therefore, the

extrachromosomal DNA molecules were likely generated

via intramolecular recombination, regardless of the type of

transgene. These results demonstrated that all these

subgenomic circles were present in the progeny.

Extrachromosomal DNAs generated in the T0

generation were retained in the progeny

We demonstrated that all types of extrachromosomal

DNAs found in the T0 generation were also detected in

progeny through the T3 generation. Three different inter-

pretations of these data are possible: (1) all types of

extrachromosomal DNAs generated in the T0 generation

were transmitted to the progeny; (2) only copies of the

initially transformed plastid were transmitted to the pro-

geny and all the extrachromosomal DNAs were newly

generated in each generation; or (3) a combination of both

events occurred. The second and third possibilities are

supported by the finding that some of the extrachromoso-

mal DNAs lacked the ori sequence, suggesting that some

extrachromosomal DNAs were newly generated in pro-

geny. Scharff and Koop (2007) reported that the oriA and/

or oriB sequences are not essential for plastid DNA repli-

cation, implicating additional mechanisms of plastid DNA

replication and/or additional origins of replication. To

support this, recently, we found that episomal vector con-

taining of putative replication origin of minicircle in plastid

of marine dinoflagellate Heterocapsa triquetra was suc-

cessfully replicated in the plastid of tobacco for 6 month

(Min et al. 2015). Additionally, it would be difficult for all

the extrachromosomal DNA molecules found in the T0

plants to replicate by themselves and be stably transmitted

to progeny. Therefore, it is reasonable to hypothesize that

all extrachromosomal DNA molecules detected in the

progeny are newly generated in each generation from the

initially transformed plastid DNA molecule transmitted to

the progeny.

Previous studies indicate that the extrachromosomal

DNA designated NICE1 was transmitted to progeny (Staub

and Maliga 1994), but extrachromosomal DNA generated

following CRE-lox recombination was not inherited by the

progeny (Corneille et al. 2003). NICE1 contains the ori

sequence, whereas the deleted genome following CRE-lox

recombination lacked the ori sequence. Based on these and

our findings, extrachromosomal DNAs lacking the ori

sequence cannot be transferred to subsequent generations.

In addition, extrachromosomal DNA with the ori

sequence should be replicated more rapidly than a longer

one. However, no extrachromosomal DNAs were consid-

erably more prominent than the others in the progeny.

These data further support that extrachromosomal DNAs

could be continuously generated from the initially trans-

formed plastid DNA retained in the progeny.

Extrachromosomal DNAs were circular

We demonstrated using inward, outward, and overlap

extension PCR that the extrachromosomal DNAs were

circular. However, it cannot be ruled out that the extra-

chromosomal DNAs were also present in forms other than

the circular wild-type plastid chromosome (Lilly et al.

2001). In addition, as circular DNA molecules, two or more

extrachromosomal DNAs derived from the initially trans-

formed DNA could recombine with the initial plastid DNA

by recombination between the same repeat sequences in the

extrachromosomal DNAs as proposed in the subgenomic

molecules and the master circle of the mitochondrial gen-

ome (Small et al. 1989).

In conclusion, this study demonstrated that extrachro-

mosomal DNAs generated from the initially transformed

plastid DNA via intramolecular recombination were found

in progeny. Some of the extrachromosomal DNAs detected

in the progeny lacked the ori sequence, suggesting that the

initially transformed plastid DNA was transmitted to the

progeny that generated new extrachromosomal DNAs.
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