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Abstract In higher plants, DNA transfer from the plastid

(chloroplast) genome to the nucleus is a frequent, ongoing

process. However, there has been uncertainty over whether

this transfer occurs by a direct DNA mechanism or whether

RNA intermediates are involved. Previous experiments

utilising transplastomic Nicotiana tabacum (tp7 and tp17)

enabled the detection of plastid-to-nucleus transfer in real

time. To determine whether RNA intermediates are

involved in this transfer, transplastomic lines (tpneoACG)

were generated containing, in their plastid genomes, a

nuclear promoter-driven kanamycin resistance gene (neo)

with a start codon that required plastid RNA editing but

otherwise identical to tp7 and tp17. Therefore it was

expected that kanamycin resistance would only be acquired

following RNA-mediated transfer of neo to the nucleus.

Screening of tpneoACG progeny revealed several kana-

mycin-resistant plants, each of which contained the neo

gene located in the nucleus. Surprisingly, neo was unedited

in all these plants, indicating that neoACG was active in

the absence of an edited start codon and suggesting that

RNA intermediates were not involved in the transfers.

However, analysis of tpneoACG revealed that only a low

proportion of transcripts potentially able to mediate neo

transfer were edited, thus precluding unequivocal conclu-

sions regarding the role of RNA in plastid-to-nucleus

transfer. The low proportion of edited transcripts was found

to be due to predominant antisense neo transcripts, rather

than to low editing efficiency of the sense transcripts. This

study highlights a number of important considerations in

the design of experiments utilising plastid RNA editing.

The results also suggest that RNA editing sites reduce but

do not eliminate functional plastid-to-nucleus gene trans-

fer. This is relevant both in an evolutionary context and in

placing RNA editing-dependent genes in the plastid gen-

ome as a means of transgene containment.
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Introduction

In eukaryotes, plastids and mitochondria are the descen-

dents of once free-living prokaryotic ancestors. Over time,

these organelles have donated a large number of genes to

the nucleus, such that many organellar proteins are now

encoded in the nuclear genome (Adams and Palmer 2003;

Keeling and Palmer 2008; Timmis et al. 2004). In addition,

there are many nuclear genes derived from organellar
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genomes which are not involved in organellar functions

(Deusch et al. 2008; Martin et al. 2002; Noutsos et al.

2007). Organellar genomes have therefore been an

important source of genetic material for nuclear genome

evolution. However, the functional relocation of a gene to

the nuclear genome requires a number of steps. Firstly,

there must be escape of the DNA sequence from the plastid

and incorporation into the nuclear genome. The gene must

then acquire nuclear regulatory sequences, different from

those of the organelle, to enable appropriate gene expres-

sion. In addition, if genes are to retain their role in

organellar biogenesis they must establish a means of tar-

geting the encoded protein to the organelle; usually through

acquisition of a targeting peptide-encoding sequence.Very

rarely, the acquisition of these additional sequences may

occur immediately on insertion as a consequence of the

size of the integrant, the break points involved and the site

of integration. However, it is more likely that activation

will involve several complex post-insertional rearrange-

ments. While functional organelle-to-nucleus gene transfer

is relatively rare, non-functional DNA sequence transfer is

much more common, with many nuclear genomes con-

taining large amounts of mitochondrial and, in the case of

plants, plastid DNA (Hazkani-Covo et al. 2010; Matsuo

et al. 2005; Noutsos et al. 2005; Richly and Leister 2004a,

b; Woischnik and Moraes 2002). These nuclear organelle

sequences have been designated numts (nuclear integrants

of mitochondrial DNA) and nupts (nuclear integrants of

plastid DNA).

Organelle-to-nucleus sequence transfer could occur

either by direct transfer of DNA or by transfer involving

reverse-transcribed RNA. Some studies support a direct

DNA mechanism because many numts and nupts are very

long and include non-coding regions. For example, a

620 kb numt and a 131 kb nupt have been found in

Arabidopsis and rice respectively, which are strongly

suggestive of direct DNA transfer (Stupar et al. 2001; Yu

et al. 2003). Whole genome studies have also indicated that

any part of an organelle genome can be transferred to the

nucleus and there is no evidence for overrepresentation of

highly transcribed regions in numts and nupts (Matsuo

et al. 2005; Richly and Leister 2004a, b; Woischnik and

Moraes 2002). However, there are a number of examples of

functional mitochondrial gene relocation to the nucleus

where splicing and RNA editing appear to have occurred

prior to transfer, suggesting the involvement of RNA

intermediates (Adams et al. 2000; Grohmann et al. 1992;

Nugent and Palmer 1991). Experimental evidence in sup-

port of a direct DNA mechanism has been found in yeast,

where it has been shown that in a mutant strain with a high

rate of mitochondrion-to-nucleus transfer, transfer occurs

independently of an RNA intermediate (Shafer et al. 1999).

However, it is possible that the mechanism of transfer is

variable, so RNA-mediated transfer may also have an

important role to play. Determining the mechanism(s) of

transfer in other systems will help to shed light on this.

The mode of transfer may also have implications in

the use of transplastomic plants in biotechnological appli-

cations. Because plastids are predominantly maternally

inherited, transplastomic crop plants offer greatly enhanced

transgene containment compared with nuclear transgenics

(Maliga 2002). However, there are two mechanisms by

which plastid transgenes can escape through pollen at low

frequency: occasional paternal transmission of plastids

(Ruf et al. 2007; Svab and Maliga 2007) and transfer of

transgenes to the nuclear genome (Huang et al. 2003;

Sheppard et al. 2008). The latter type of escape would not

normally result in transgene expression due to the absence

of a nuclear promoter, but fortuitous integration or sub-

sequent rearrangement could bring a transgene into context

with an existing nuclear promoter (Lloyd and Timmis

2011; Stegemann and Bock 2006). Furthermore, it has been

shown that a plastid promoter can have weak nuclear

activity (Cornelissen and Vandewiele 1989; Lloyd and

Timmis 2011). Therefore, if strict containment of a trans-

gene product is vital, further measures will be required to

prevent expression following transfer to the nuclear gen-

ome. One possibility is the introduction of plastid RNA

editing sites such that the transgene transcripts are depen-

dent upon RNA editing in the plastid to encode a functional

protein (Lutz et al. 2006). However, this is only a useful

strategy if transfer to the nucleus occurs independently of

an edited RNA intermediate.

Plastid-to-nucleus DNA sequence transfer has been

detected experimentally using transplastomic tobacco lines

that contain, in their plastid genomes, a selectable marker

gene tailored for nuclear expression. In one set of experi-

ments the neo gene, under the control of a nuclear promoter

(35S) and containing a nuclear intron (STLS2), was inserted

into the plastid genome to generate two independent trans-

plastomic lines, tp7 and tp17, which are assumed to be

genetically identical (Huang et al. 2003). This gene encodes

neomycin phosphotransferase (NPTII), which confers

resistance to kanamycin. Backcross progeny derived from

tp7 or tp17 pollen parents were screened for kanamycin

resistance, to reveal any kanamycin resistant progeny that

had arisen by transfer of neo to the nucleus and its resulting

expression. Such experiments determined a transfer fre-

quency in the male germline of approximately 1 event for

every 11,000–16,000 pollen grains (Huang et al. 2003;

Sheppard et al. 2008). In another set of experiments, a

similar transplastomic line (containing neo under the control

of the 35S promoter in the plastid genome) was used to

screen for plastid-to-nucleus sequence transfer in somatic

cells and it was estimated that one transfer event occurred for

every 5 million leaf cells (Stegemann et al. 2003).
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For the kanamycin-resistant plants derived from tp7

and tp17, DNA blot analysis was used to partially char-

acterise the integrants at the molecular level (Huang et al.

2004; Sheppard et al. 2008). It was found that the

majority had very large regions of plastid DNA integrated

into the nuclear genome along with neo, with the size of

most integrants exceeding 20 kb. Due to the large size of

integrants, it seems likely that transfer occurred by a

direct DNA mechanism. However, northern analysis of

tp7 and tp17 with double stranded DNA probes revealed

highly abundant neo-hybridising transcripts of 3.3 and

2.2 kb (both larger than the mature neo gene transcript

of 1.2 kb) which were assumed to be the result of

transcriptional read-through from adjacent promoter(s) in

the transplastome (Huang et al. 2003, 2004), so it was

impossible to determine whether some integrants resulted

from RNA-mediated transfer. Longer, less abundant

transcripts that were undetectable by northern blotting

may also exist and could potentially have given rise to the

larger integrants.

The target of insertion of the transgenes in tp7 and tp17

is between trnV and ORF70B/ORF131—an arrangement

that was intended to minimise read-through transcription

from adjacent native plastid promoters. Thus, the abundant

transcripts containing neo-hybridising regions in tp7 and

tp17 were unexpected, particularly since Zoubenko et al.

(1994) were unable to detect any read-through transcription

of transgenes inserted into the same plastid genome loca-

tion using the same transformation vector (pPRV111A).

However, ORF70B/ORF131 genes are on complementary

strands with the promoter of ORF70B initiating transcrip-

tion towards neo in tp7 and tp17. The promoter of ORF131

and other adjacent promoters 30 of neo initiate transcription

on the opposite strand, away from the transgenes. Simi-

larly, the promoter of trnV and adjacent promoters 50 of neo

promote transcription away from the transgenes. In view of

the lack of detection of transcripts by Zoubenko et al.

(1994), it is most probable that the abundant neo-hybri-

dising transcripts arose from activity of the 35S promoter

in the plastid.

Whatever is the cause of the abundant neo transcripts

in tp7 and tp17, it is necessary to test whether they are

responsible for a proportion of the gene transfer events

reported by Huang et al. (2003) and Sheppard et al.

(2008). Therefore, experiments were designed to test the

mode of transfer directly by utilising plastid-specific C to

U RNA editing, which occurs at well-defined sites of

some plastid RNAs in higher plants. The specificity is

conferred by the flanking sequence [reviewed by Bock

(2000)]. By introducing several RNA editing sites into the

neo cassette, experiments were designed to detect plastid-

to-nucleus transfer only if it occurred via an RNA

intermediate.

Results

Generation of tpneoACG

The experiments to detect RNA-mediated plastid-to-

nucleus transfer were designed to be as similar as possible

to previous experiments in which tp7 and tp17 were used to

detect plastid-to-nucleus nucleic acid transfer (Huang et al.

2003; Sheppard et al. 2008). Minimally modified trans-

plastomic lines were generated (tpneoACG) in which the

neo gene contained several plastid RNA editing sites, one

of which was required for the functionality of neo, but in

all other respects tpneoACG was identical to tp7 and tp17.

The experiments were designed in this way so that the

results could be compared directly with previous experi-

ments where the frequency of total plastid-to-nucleus

transfer (both DNA and RNA-mediated) was measured. In

this way the current experiments would not only determine

whether RNA-mediated transfer occurs at an appreciable

frequency but also, if it does, what proportion of transfer

events involve an RNA intermediate. Given the abundant

neo-hybridising transcripts in tp7 and tp17 that were

revealed by northern blotting (Huang et al. 2003, 2004), it

was expected that if plastid-to-nucleus transfer involving

an RNA-intermediate occurs at a reasonable frequency,

then it should be detectable with the tpneoACG system.

The tpneoACG transformation vector (pPRV111A::

neoSTLS2ACG) was produced by modification of the vector

pPRV111A::neoSTLS2 that was previously used to generate

the tp7 and tp17 transplastomic lines. In both constructs, neo

is under the regulatory control of the 35S promoter and the

nuclear STLS2 intron is present within the neo open reading

frame, such that kanamycin selection can be used to detect

transfer of neo to the nucleus (Fig. 1). The two vectors

contain the same regions of the plastid genome, such that neo

is targeted for integration at the same plastome site in both

experiments. Adjacent to neo in both transformation cas-

settes is aadA, which confers resistance to spectinomycin

that was used for selection of transplastomic lines.

The new vector (pPRV111A::neoSTLS2ACG) differed

from pPRV111A::neoSTLS2 by two modifications to the

neo gene (Fig. 1b, c). Firstly, the start codon of neo was

removed and replaced with a 101 bp region derived from

tobacco psbF and psbL genes which contained a single

plastid C to U RNA editing site. This editing site was part

of an ACG codon in frame with the neo open reading

frame, so that editing would create an AUG start codon. In

the absence of plastid RNA editing, neo transcripts lack a

start codon and were not expected to be translated. The

101 bp region containing the editing site had previously

been inserted into the tobacco plastid genome as a fusion

with a kanamycin resistance gene under the control of a

plastid promoter and the editing site was shown to be
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efficiently edited (*70%) in this sequence context

(Chaudhuri et al. 1995). If transfer of neo to the nucleus

occurs via an edited RNA intermediate, then the nuclear

integrant will have a functional version of neo and the plant

should be kanamycin-resistant. On the other hand, if

transfer occurs by a direct DNA mechanism, then the

nuclear integrant will contain neo without a start codon and

the plant should be kanamycin-sensitive. In this way,

kanamycin selection can be used to detect only those

events where transfer of neo to the nucleus occurs via an

RNA intermediate.

It is possible that a kanamycin-resistant plant could be

obtained by a C to T mutation of the editing site prior to,

during or after transfer to the nucleus, rather than by plastid

RNA editing. To allow for this possibility, a 94 bp region

of ndhB containing two plastid RNA editing sites was

introduced into the 30 UTR of neo (Fig. 1c). This 94 bp

region had previously been inserted into the tobacco plastid

genome in the 30 UTR of an aadA gene under the control of

a plastid promoter and the editing sites were efficiently

edited (*95%) in this sequence context (Bock et al. 1996).

If a kanamycin-resistant plant obtained from screening was

indeed the result of RNA-mediated transfer, then these two

additional sites would be expected to be edited also. The

presence of three edited sites at a novel nuclear locus

would rule out point mutation as an origin and unequivo-

cally implicate an RNA intermediate.

Two independent transplastomic lines were generated

using pPRV111A::neoSTLS2ACG, named tpneoACG5-3

and tpneoACG8-2. These lines were shown to be homo-

plasmic by DNA blot and PCR analysis (data not shown).

Screening for RNA-mediated transfer

To detect RNA-mediated plastid-to-nucleus transfer of neo,

tpneoACG was used as a pollen parent in crosses with

wildtype plants and 328,000 progeny screened for kana-

mycin resistance (Table 1). In the initial stages of screen-

ing there were several plants that appeared to be resistant

but were still somewhat sickly. Therefore any plants that

appeared resistant were transferred to non-selective med-

ium in an attempt to recover all possible resistant plants.

Amongst the 328,000 progeny screened, 10 putative

resistant plants were obtained which were named kr5.1-

kr5.10. After removal from selective medium, only 6 plants

survived (kr5.1, kr5.2, kr5.3, kr5.4, kr5.6 and kr5.7). Pre-

sumably the other 4 plants died as a result of kanamycin

exposure, so they may have been false positives or they

may have been only partially kanamycin-resistant (see

‘‘Discussion’’). This frequency of a plastid to nucleus

Fig. 1 Experimental design. a The generalised structure of

pPRV111A::neoSTLS2 (Huang et al. 2003) and pPRV111A::neo-

STLS2ACG. The neo gene differs between these two vectors (shown

in more detail in (b) and (c) respectively), but otherwise they are

identical. Regions of identity to the plastid genome are shown in

green, aadA (the plastid selectable marker) in black and neo (the

nucleus-specific gene) in blue. b The structure of pPRV111A::neo-

STLS2. In this construct neo is under the control of 35S promoter and

terminator sequences and contains the STLS2 intron (Huang et al.

2003). The sequence of the first 12 bases of neo, beginning from the

start codon, is shown along with its conceptual translation in the

expanded version. c The structure of neo in pPRV111A::neo-

STLS2ACG. In this construct neo is also under the control of 35S

promoter and terminator sequences and contains the STLS2 intron.

Orange regions are derived from plastid genes (see text for details)

and contain three C to U RNA editing sites within their sequence

contexts (shown in red). Neo sequence is shown in blue. The

conceptual translation, after C to U editing, is also shown Table 1 Results of screening wt $ 9 tpneoACG # progeny for

kanamycin resistance

Screened Putative

positives

Confirmed

positives

tpneoACG5-3 188,000 5 1 (kr5.6)

tpneoACG8-2 140,000 5 5 (kr5.1-kr.5.4, kr5.7)

Total 328,000 10 6
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transfer event of 1 in 55,000 seedlings is over threefolds

lower than the 1 in 16,000 frequency observed for the gene

without an editing requirement (Huang et al. 2003).

Moreover, no plants with high levels of resistance to

kanamycin were isolated indicating limited expression of

the neo gene in the nucleus. The results suggest that the

inclusion of editing sites in plastid transgenes may reduce,

but not eliminate, functional transfer of genes from the

plastid to the nucleus. DNA was prepared from the sur-

viving plants (kr5.1-kr5.4, kr5.6 and kr5.7) and the neo

gene was successfully amplified from all samples, indi-

cating that plastid sequence transfer had occurred in each

line. However, for each plant, all three editing sites

remained unedited, indicating that the sequence transfers

had not involved edited RNA intermediates. This result

also indicated that the neo gene was somehow active in the

absence of the intended translational start codon.

Neomycin phosphotransferase activity was measured in

the kr5.X lines (X = the individually numbered plants

from the screen) and found to be indistinguishable from

wildtype (Table 2). In contrast, there was at least 80-folds

higher activity (P \ 0.001, ANOVA, Bonferroni corrected)

in kr2.2 than in the kr5.X lines. Kr2.2 was derived from a

screen to detect plastid-to-nucleus transfer in tp7 and

contains a single nuclear copy of neo with an ATG start

codon (Lloyd and Timmis 2011; Sheppard et al. 2008).

NPTII protein level in kr5.X, as shown by NPTII ELISA,

was also indistinguishable from wildtype (Table 2). These

results indicate that the kr5.X lines are kanamycin-resis-

tant, despite undetectable levels of both NPTII protein and

NPTII activity. Therefore, very low levels of NPTII

activity are sufficient to confer kanamycin resistance. This

suggests that translation of the NPTII protein is greatly

inhibited by the absence of the AUG start codon, although

the presence of high levels of a less functional (presumably

shorter) NPTII protein that is not recognised by the ELISA

antibody cannot be ruled out. This reduction in NPTII

activity may have reduced the ability of the screen to

identify positive plants.

The presence of unedited neo sequences in the kr5.X

plants indicates that transfer of neo to the nucleus occurred

either by a direct DNA mechanism or via unedited RNA

intermediates. To attempt to distinguish between these

possibilities, the efficiency of RNA editing was analysed in

tpneoACG. If the proportion of edited transcripts was close

to 100%, this would effectively rule out transfer via unedited

RNA as a possibility, thus showing that transfer occurred by

a direct DNA mechanism.

To determine what proportion of neo RNA molecules

were edited in tpneoACG plastids, total cDNA was syn-

thesised using random hexamer primers, followed by PCR

amplification of the neo cDNA including all three editing

sites. Sequencing of this PCR product showed no clear

evidence for editing at any of the three editing sites

(Fig. 2). This indicated that it was not possible to distin-

guish between DNA and RNA-mediated transfer using the

tpneoACG system, since the vast majority of transcripts

were unedited.

Antisense neo transcripts in tpneoACG

The lack of detectable edited transcripts in tpneoACG

could be due to a low editing efficiency but this is unlikely

since the editing sites each have flanking sequence which

has previously been shown to be sufficient for efficient

editing to occur (Bock et al. 1996; Chaudhuri et al. 1995).

The other possibility is that a large proportion of antisense

transcripts are present, which would not be edited. This

latter explanation is consistent with the activity of the

ORF70B promoter which would transcribe the comple-

mentary strand of neo. Northern analysis of tp7 and tp17

Table 2 NPTII protein analysis

Line Protein level

(NPTII ELISA)

Neomycin phosphorylation

(dot blot)

wt 0.00 ± 0.29 0.17 ± 0.13

kr2.2 (1.25%)a N/A 1.25 ± 0.23

kr2.2 (100%) 100.00 ± 13.11 100.00 ± 18.16b

kr5.1 0.14 ± 0.29 0.19 ± 0.06

kr5.2 0.26 ± 0.24 0.19 ± 0.15

kr5.3 -0.08 ± 0.28 0.20 ± 0.15

kr5.4 0.71 ± 0.30 0.25 ± 0.13

kr5.6 0.33 ± 0.10 0.25 ± 0.13

kr5.7 1.08 ± 0.80 0.18 ± 0.11

a This sample contained 1.25% kr2.2 protein and 98.75% wt protein
b This value is the experimentally determined kr2.2 1.25% value

multiplied by 80

Fig. 2 Sequencing of editing sites from tpneoACG cDNA synthes-

ised with random hexamer primers
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(Huang et al. 2003, 2004) used a double-stranded DNA

probe, so it is not known whether the neo-hybridising

bands represented sense or antisense transcripts. To attempt

to distinguish between the two possibilities for the lack of

edited transcripts (low editing efficiency or high proportion

of antisense transcripts), cDNA was synthesised from

tpneoACG RNA using primers complementary to the neo

sense strand, so that theoretically only neo sense transcripts

would be represented in the cDNA population. If this

revealed a high proportion of edited transcripts (as opposed

to the results obtained with cDNA synthesised using ran-

dom hexamer primers which do not distinguish between

the two strands) then it could be concluded that highly

abundant antisense transcripts were the main reason for the

low representation of edited RNA species.

For technical reasons, the two editing regions were

amplified and sequenced separately from cDNA samples

synthesised using different neo primers. In contrast to the

results obtained using random hexamer cDNA, editing was

detected at each of the three editing sites, but the majority of

transcripts remained unedited (Fig. 3). To confirm that the

presence of detectable edited transcripts was the result of

using neo-specific primers for reverse transcription, rather

than different PCR primers, amplification and sequencing

from random hexamer cDNA was repeated using the same

PCR primers as those used for neo-specific cDNA. Again

this revealed no detectable editing (data not shown).

When a neo primer was used for cDNA synthesis, neo

sense transcripts should have been reverse-transcribed, but

neo antisense transcripts should not. However, since

reverse transcription was performed at a relatively low

temperature (42�C), it is possible that the primer was able

to bind fortuitously to a few bases on the antisense tran-

scripts. If this was the case, then cDNA synthesis using a

neo primer would have enriched for sense transcripts

(compared to using random hexamer primers), but not

eliminated antisense transcripts. To test this possibility, the

experiment using neo primers for reverse transcription was

repeated for tpneoACG5-3 using a thermostable reverse

transcriptase which allowed reverse transcription to be

performed at 65�C. This resulted in a higher proportion of

edited transcripts (Fig. 4), confirming that some antisense

transcripts were reverse transcribed when a non-thermo-

stable reverse transcriptase was used.

The results shown in Fig. 4 give a minimum estimate for

the editing efficiency (i.e. the proportion of sense tran-

scripts that are edited) at each of the three editing sites,

since it is possible that some antisense transcripts may have

been reverse transcribed, despite the stringent conditions

used. The first editing site, with the same amount of

flanking sequence as that used here, was previously

reported to be edited with *70% efficiency (Chaudhuri

et al. 1995), consistent with the results shown in Fig. 4.

The second and third editing sites, with the same amount of

flanking sequence as that used here, were previously

reported to be edited with *95% efficiency (Bock et al.

1996). However, in Fig. 4, only around half of the tran-

scripts are edited at each site. It is possible that the effi-

ciency of editing of these sites in tpneoACG is only around

50%, which could be due to reduced accessibility of the

editing sites in neo sense transcripts as a result of inter-

actions with the abundant antisense transcripts or altered

secondary structure.

To investigate the influence of secondary structure, the

Mfold program was used to analyse the structure of the

inefficiently edited neo transcript. We used the efficiently

edited endogenous ndhB transcript, and the efficiently edited

aadA:ndhB transcript reported by Bock et al. (1996) for

comparison. Computational structure prediction of long

RNAs ([700 nt) is poor, with prediction sensitivity often

well below 50% (Deigan et al. 2009; Tsang and Wiese

2010). Therefore, as well as for full length transcripts, sec-

ondary structure was determined for a smaller (*600 nt)

region of the RNA molecules covering the ndhB editing sites

and the flanking 250 nt on either side.

The secondary structure of the editing site region in the

efficiently edited aadA:ndhB transcript and the inefficiently

edited neo transcripts were essentially identical when
Fig. 3 Sequencing of editing sites from tpneoACG cDNA synthes-

ised with neo primers

Fig. 4 Sequencing of editing sites from tpneoACG cDNA synthes-

ised with neo primers using a thermostable reverse transcriptase
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predicted using the *600 nt analysis (Fig. S1) but the

analysis showed a different structure for the endogenous

ndhB transcript (Fig. S1). Structures predicted in the full

length analysis differed for each transcript (Fig. S2);

however no relationship was evident between the degree of

base pairing surrounding the edited bases and the efficiency

of editing (Fig. S2). An alternative possibility is that edit-

ing occurs efficiently in neo sense transcripts but that the

primer used for reverse transcription prior to sequencing

the second and third editing sites is particularly prone to

binding the antisense transcripts.

Discussion

In an attempt to distinguish between two possible modes of

plastid-to-nucleus transfer (direct DNA transfer and RNA-

mediated transfer), transplastomic lines were generated

which contained, in their plastid genomes, a neo gene

designed for nuclear expression but with several plastid

RNA editing sites. One of these editing sites was designed

so that editing would be required to create a translational

start codon for neo. Surprisingly, neo was found to be

active without this site being edited. A total of 328,000

progeny from backcrossed tpneoACG plants were screened

and 6 kanamycin-resistant progeny were identified, each of

which contained one or more copies of the experimental

neo gene in its nucleus. Sequencing indicated that none of

these arose from transfer involving an edited RNA inter-

mediate. However, sequencing of tpneoACG cDNA indi-

cated that the majority of neo transcripts were antisense

and hence unable to be edited.As a result the screen was

not able to distinguish definitively between direct DNA and

RNA-mediated transfer. Nonetheless edited sense strand

RNAs were present and none of these mediated gene

transfer. The finding that all the kr5.X plants contained

unedited versions of neo precludes other explanations of

the acquisition of resistance. How then is neo expressed in

these plants when it lacks a translational start codon?

Clearly the NPTII levels are low and cannot be detected by

ELISA so translation is inefficient. Translation initiation

from a downstream AUG codon seems unlikely, as the first

in-frame AUG occurs almost halfway through the coding

sequence, making it unlikely that a functional protein

would be produced. Alternatively, translation may be ini-

tiated from a non-AUG codon, as ACG, CUG, AUC and

GUG codons have been shown to be capable of initiating

translation in plants (Depeiges et al. 2006; Kobayashi et al.

2002; Wamboldt et al. 2009). It is also remotely conceiv-

able that some transcripts are edited in the cytoplasm,

perhaps by precursors of the nuclear-encoded chloroplast

RNA editing enzymes on their way to the chloroplast.

However, these were not detectable in mRNA from leaf

tissue of selected kr5.X plants using a variety of RT–PCR

strategies (results not shown). It is assumed that the intron in

the kr5.X lines is efficiently spliced but this was not tested

experimentally as the additional sequences in pPRV111A::

neoSTLS2ACG compared with pPRV111A::neoSTLS2 are

considered very unlikely to influence splicing.

Previous screens that were not designed to distinguish

between direct DNA transfer and RNA-mediated transfer

measured a transfer frequency of 1 event for every

11,000–16,000 male gametes (Huang et al. 2003; Sheppard

et al. 2008). However, the current screen revealed only 6

resistant plants out of 328,000 tested, corresponding to a

frequency of 1 in 55,000. A possible reason for the lower

proportion of resistant plants in this screen is that even

though the neo gene is able to confer some level of resis-

tance in the absence of editing, the phenotype is more

subtle and the level of resistance may not always be enough

to overcome the selection regime used. The lack of

detectable NPTII protein in the kr5.X lines supports this

idea. In this case the 6 resistant plants obtained may have

had multiple nuclear insertions of neo, or neo may have

inserted into genomic regions that allowed higher expres-

sion than other sites. In this way the 4 putative kanamycin-

resistant plants that died could have had a nuclear insertion

of neo that made them less sensitive to kanamycin than

wildtype, but not sufficiently resistant to survive the

practical experimental screen. Presumably some other

plants had nuclear insertions of neo that could not be

identified by the screening procedure.

This study highlights a number of important consider-

ations for the design of future experiments. The neo gene

used here was found to be active in the absence of the

intended start codon, so it was necessary to sequence the

neo gene in each resistant plant to determine the status of

the editing sites. Most importantly, tpneoACG was found

to have a high proportion of antisense neo transcripts

relative to sense transcripts, such that the majority of

neo transcripts were unedited. Therefore it was not possible

to distinguish between DNA and RNA-mediated trans-

fer. Consequently, the relative contribution of transcrip-

tion from the two strands is an important aspect to test;

though generating transplastomic lines still represents a

large investment. Therefore, future experiments should be

designed to avoid this problem. One approach could be to

include a number of editing sites, in both sense and anti-

sense orientations, such that RNA-mediated transfer events

from both DNA strands will retain unique editing signa-

tures. An alternative approach, which is particularly rele-

vant in the context of plastid RNA editing use as a

biological containment strategy, would be to place neo

(with the 35S promoter) downstream of a strong plastid

promoter to ensure high levels of sense neo transcripts and

reduce the influence of antisense transcripts. Having high
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levels of neo transcripts would also presumably maximise

the chances of RNA-mediated transfer occurring. One

problem with this approach is that the promoter should be

active in the tissue where plastid-to-nucleus transfer

occurs, something that is still uncertain. The frequency of

plastid-to-nucleus transfer appears highest in the male

germline, but experiments have so far been unable to

determine a specific stage of pollen development at which

transfer occurs (Sheppard et al. 2008). Therefore, what

constitutes an appropriate promoter is not known. An

alternative would be to screen for transfer in somatic tis-

sues, although it is likely that this would be less relevant

than germline transfer in evolutionary terms.

In biotechnological applications, the incorporation of

RNA editing sites in plastid transgenes, such that editing is

required for functionality, is an approach that may help to

minimise functional transgene escape through pollen. In

our experiments, we have shown that functional transfer of

neo to the nucleus occurs less frequently when such plastid

RNA editing sites are included (this study), than when they

are not (Huang et al. 2003; Sheppard et al. 2008). To our

knowledge, this is the first direct evidence for the utility of

such an approach. However, it is important to note that the

modification, which was intended to make translation

dependent on plastid RNA editing, did not abolish nuclear

activity in this instance. Therefore, in an applied setting,

the gene in question should first be tested to ensure that the

modification, with incorporation of plastid RNA editing

sites, provides a sufficient reduction in nuclear expression.

The partial activity of the modified neo gene in the

nucleus, despite the intended reliance on plastid RNA

editing, may also be relevant in an evolutionary context. It

would generally be assumed that a requirement for RNA

editing would create a barrier to functional organelle-to-

nucleus gene transfer. As well as the usual requirements for

obtaining nuclear regulatory sequences, functional transfer

of such a gene would presumably also require mutation of

the editing site(s) so that editing is no longer required. The

results presented here indicate that a gene which is reliant

on plastid RNA editing may be partially active in the

nucleus without mutation occurring. Therefore, the pres-

ence of RNA editing sites may not be a significant barrier

to functional gene transfer.

Materials and methods

Generation of pPRV111A::neoSTLS2ACG

Firstly, pPRV111A::neoSTLS2 was modified in two ways:

the G in the neo start codon was changed to a C to intro-

duce an AvrII restriction site and 4 bases (ATCT) were

introduced downstream of the neo stop codon to introduce

a BglII site. In order to achieve this, neo was amplified

from pPRV111A::neoSTLS2 using the primers neo-

F ? Avr2 and neoR ? Bgl2 which contained the intended

modifications. An A-tailing reaction was performed with

this PCR product which was then cloned into pGemT Easy

(Promega) according to the manufacturer’s instructions to

generate pGemTEasy ? neo. The 1 kb fragment resulting

from fully digesting pGemTEasy ? neo with XhoI fol-

lowed by partial digestion with PpuMI was purified and

cloned into pPRV111A::neoSTLS2 which had been

digested with XhoI and PpuMI to generate pPRV111A::

neoSTLS2 ? RS.

A 94 bp region of ndhB was amplified from tobacco

genomic DNA using the primers ndhBF ? Bgl2 and

ndhBR ? Bgl2, digested with BglII and cloned into

pPRV111A::neoSTLS2 ? RS which had been digested

with BglII to generate pPRV111A::neoSTLS2 ? ndhB.

A 101 bp region of psbF and psbL was amplified from

tobacco genomic DNA using the primers psbF ? Xho1

and psbR ? Nhe1, digested with XhoI and NheI and

cloned into pPRV111A::neoSTLS2 ? ndhB which had

been digested with XhoI and AvrII to generate pPRV111A::

neoSTLS2ACG.

Plastid transformation

Transplastomic plants were isolated by selecting for spec-

tinomycin and streptomycin-resistant shoots following

particle bombardment of wildtype N. tabacum cv W38

leaves as described (Iamtham and Day 2000).

Plant growth conditions and kanamycin selection

Nicotiana tabacum plants grown in soil were kept in a

controlled environment chamber with a 14 h light/10 h

dark and 25�C day/18�C night growth regime.

Screening of wt $ x tpneoACG # progeny was per-

formed by plating surface-sterilised seeds on 150 mm

plates containing 80 mL of 0.5 9 MS salt medium

(Murashige and Skoog 1962) containing 150 lg mL-1

kanamycin at a density of approximately 2,000 seeds per

plate. After around 2–4 weeks any plants that appeared

resistant were transferred to 0.5 9 MS salt medium without

kanamycin. Surviving plants were later transferred to soil.

For protein assays, progeny from self-fertilised seed

capsules of the original hemizygous kr5.X parent plants

were grown on 0.5 9 MS salt medium containing

150 lg mL-1 kanamycin. For kr2.2, plants hemizygous for

the neo gene were grown on the same medium. In both

cases, kanamycin resistant seedlings were transferred to

soil for further growth.
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DNA preparation

DNA extraction from tobacco leaf tissue was performed

using a DNeasy Plant Mini kit (Qiagen) according to the

manufacturer’s instructions.

Protein assays

An NPTII ELISA kit (Agdia, IN, USA) was used to

determine NPTII protein levels according to the manufac-

turer’s instructions.

An NPTII dot blot assay was used to detect NPTII

activity. This assay was adapted from Curtis et al. (1995),

with the following adjustments: blocking solution, 10 mM

adenosine 50-triphosphate (ATP) sodium salt (Sigma, St.

Louis, MO), 50 mM tetrasodium pyrophosphate; extraction

buffer, 100 mM Tris pH 6.8, 10% glycerol, 5% mercap-

toethanol; reactions contained 20 lL protein extract (3 lg

total protein) and 20 lL reaction mix (100 mM Tris pH

7.5, 50 mM MgCl2, 400 mM NH4Cl, 10 mM KF, 20 mM

DTT, 0.5 mg mL-1 neomycin and 20 lCi [32P]-ATP). A

primary wash (1% SDS, 50 lg mL-1 proteinase K) for

20 min at 60�C was included. The kr2.2 sample comprised

1.25% kr2.2 protein and 98.75% wt protein. For quantita-

tive analysis kr2.2 protein was diluted with wt protein to

generate a standard curve. Detection and quantification of

phosphorylated neomycin was performed using a Typhoon

Trio imaging system and ImageQuant TL software (GE

Healthcare, Buckinghamshire, UK). Means are shown as a

percentage of the neomycin phosphorylation seen in line

kr2.2 and are an average of three technical replicates

±95% CI. Statistical analysis used Microsoft Excel and

Prism 5 (GraphPad Software, Inc, CA, USA).

For both protein assays, each sample comprised protein

extracted from a minimum of three plants.

RNA preparation and cDNA synthesis

RNA extraction from tobacco leaf tissue was performed

using an RNeasy Plant Mini kit (Qiagen) and genomic

DNA contamination removed either using a TURBO DNA-

free kit (Ambion) or by treatment with bovine DNase I

(Roche) followed by cleanup using an RNeasy MinElute

Cleanup Kit (Qiagen).

For regular cDNA synthesis, reverse transcription was

performed using an Advantage RT-for-PCR kit (Clontech)

with 20 pMol primer (random hexamer or neo-specific) per

reaction. For cDNA synthesis using a thermostable reverse

transcriptase, reverse transcription was performed using a

ThermoScript RT–PCR System (Invitrogen) with reactions

performed at 65�C. All kits were used in accordance with

the manufacturers’ instructions. The neo primer used for

analysis of the psbL editing site was TneoR1 and the neo

primer used for analysis of the ndhB editing sites was

neoR2(AL).

PCR and sequencing

PCR of pPRV111A::neoSTLS2 using the primers neo-

F ? Avr2 and neoR ? Bgl2 was performed with PfuTurbo

DNA polymerase (Stratagene) according to the manufac-

turer’s instructions. All other PCRs were performed using

Taq DNA polymerase (New England Biolabs or Roche)

according to the manufacturers’ instructions.

For sequencing of tpneoACG editing sites, the primers

used to amplify the entire neo gene were psbF ? Xho1 and

neoR2(AL). The primers used to amplify the psbL editing

site on its own were psbF ? Xho1 and TneoR1 and the

primers used to amplify the ndhB editing sites on their own

were NPTF2 and neoR2(AL). In all cases psbF ? Xho1

was used for sequencing the psbL editing site and neoF3

was used for sequencing the ndhB editing sites.

Table 3 Primer sequences

Restriction sites are underlined

Primer name Sequence (50–30)

neoF ? Avr2 TGGACCTCGAGTGGCCACCATCCTAGGTAAGTTTCTGCTTCTAC

neoR ? Bgl2 TTTGCGGGTCCCGAGATCTCAGAAGAACTCGTCAAGAAGG

ndhBF ? Bgl2 ACCTTCAGATCTCGCTCATATTCATTACCGTAGGAATTGGG

ndhBR ? Bgl2 CACAACAGATCTACGAACCGCACTCCTTCGTATACGTCAG

psbF ? Xho1 GTGTGCCTCGAGTTTGGGATCAATATCAGCAATGCAGGTC

psbR ? Nhe1 CTGTCGGCTAGCAATTCAACATTTTGTTCGTTCGGGTTTG

TneoR1 GGACAGGTCGGTCTTGACAAAAAGAACC

neoR2(AL) GATAGATTTGTAGAGAGAGACTGGTG

NPTF2 GCTATCAGGACATAGCGTTG

neoF3 GCGTTGGCTACCCGTGATATTGCTG
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Prior to sequencing, PCR products were purified using

either a PCR Purification Kit (Qiagen) or a Gel Extraction

Kit (Qiagen) according to the manufacturer’s instructions.

Sequencing was performed using BigDye Terminator

v3.1 (Applied Biosystems). Each 20 lL reaction contained

1 lL Ready Reaction Mix, 3 lL Sequencing Buffer,

5 pMol primer and template DNA. Thermal cycling was

performed with an initial denaturation step at 96�C for

2 min followed by 26 cycles of 96�C for 30 s, 50�C for

15 s and 60�C for 4 min. Extension products were purified

by isopropanol precipitation and analysed using a 3730

DNA Analyzer (Applied Biosystems).

Primer sequences are given in Table 3.

RNA structural analysis

Secondary structure was determined for full length tran-

scripts and a 593 nt section of each transcript comprising a

93 nt region of ndhB containing the two editing sites and

the flanking 250 nt either side of this region. Structural

analysis was performed using the Mfold web server V 3.5

(Zuker 2003) with default settings.
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