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Plastid genes are expressed at high levels in photosynthetically active chloroplasts but are generally believed to be drastically

downregulated in nongreen plastids. The genome-wide changes in the expression patterns of plastid genes during the devel-

opment of nongreen plastid types as well as the contributions of transcriptional versus translational regulation are largely

unknown. We report here a systematic transcriptomics and translatomics analysis of the tomato (Solanum lycopersicum)

plastid genome during fruit development and chloroplast-to-chromoplast conversion. At the level of RNA accumulation, most

but not all plastid genes are strongly downregulated in fruits compared with leaves. By contrast, chloroplast-to-chromoplast

differentiation during fruit ripening is surprisingly not accompanied by large changes in plastid RNA accumulation. However,

most plastid genes are translationally downregulated during chromoplast development. Both transcriptional and transla-

tional downregulation are more pronounced for photosynthesis-related genes than for genes involved in gene expression,

indicating that some low-level plastid gene expression must be sustained in chromoplasts. High-level expression during

chromoplast development identifies accD, the only plastid-encoded gene involved in fatty acid biosynthesis, as the target

gene for which gene expression activity in chromoplasts is maintained. In addition, we have determined the developmental

patterns of plastid RNA polymerase activities, intron splicing, and RNA editing and report specific developmental changes in

the splicing and editing patterns of plastid transcripts.

INTRODUCTION

Tomato (Solanum lycopersicum, formerly Lycopersicon escu-

lentum) is one of the world’s most important vegetable crops and

has long been a classical model species for plant genetics. It

belongs to the Solanaceae (nightshade) family and has its center

of genetic diversity in South America. Recently, a tomato ge-

nome project was initiated by the international Solanaceae

Genomics Network (SOL Genomics Network; http://www.sgn.

cornell.edu/). The tomato nuclear genome has a haploid set of 12

chromosomes and comprises ;950 Mb.

Among the three genomes of higher plants, the plastid genome

(plastome) is the most gene-dense, with >100 genes in a genome

of only 120 to 210 kb (for review, see Sugiura, 1992; Wakasugi

et al., 2001). The genes encoded by the plastome fall into three

major classes: (1) genetic system genes, including genes for a

complete set of rRNAs and tRNAs, some ribosomal proteins, and

the core subunits of a eubacterial-type of RNA polymerase; (2)

photosynthesis-related genes; and (3) other genes and con-

served open reading frames (Shimada and Sugiura, 1991). As a

first contribution toward deciphering the complete genetic infor-

mation of tomato, we recently determined the complete sequence

of the tomato plastome (Kahlau et al., 2006). This 155,461-bp

molecule maps as a circular genome and harbors 114 genes and

conserved open reading frames (ycfs, for hypothetical chloro-

plast reading frames).

The genome organization and mechanisms of gene expres-

sion in plastids very much resemble those of their cyanobacterial

ancestors. Clusters of genes are arranged in operons and co-

transcribed as polycistronic mRNAs, translation occurs on 70S

ribosomes, and most components of the translational apparatus

have homologs in eubacteria (Zerges, 2000). Plastid primary

transcripts undergo a complex series of processing and matu-

ration steps, including cleavage of polycistronic mRNAs into

monocistronic or oligocistronic units (also referred to as RNA cut-

ting), 59 and 39 end processing, intron splicing, and RNA editing

by C-to-U conversions (Barkan and Goldschmidt-Clermont,

2000; Bock, 2000).

In spite of the small size of the plastome, the transcriptional

apparatus of plastids is much more complex than that of pro-

karyotes and has a dual evolutionary origin. A plastid-encoded

RNA polymerase (PEP) is homologous with eubacterial RNA

polymerases (Igloi and Kössel, 1992; Hess and Börner, 1999). A

second RNA-synthesizing activity in the plastid is provided by

bacteriophage-type enzymes that are encoded by nuclear genes

(nucleus-encoded RNA polymerase [NEP]) (Hajdukiewicz et al.,
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1997; Hedtke et al., 1997; Hess and Börner, 1999; Filée and

Forterre, 2005). While the four core subunits of the eubacterial-

type, Escherichia coli-like, plastid RNA polymerase are encoded

by the plastome, the s factors, which are required for promoter

recognition, are encoded by genes residing in the nuclear ge-

nome (Tanaka et al., 1996). The unicellular green alga Chlamy-

domonas reinhardtii has a single nuclear gene for a plastid s

factor (Bohne et al., 2006), which developed into a gene family in

higher plants (Kanamaru et al., 1999; Lahiri et al., 1999). The

members of this gene family confer promoter specificity of PEP

transcription in that individual s factors mediate mRNA synthesis

from distinct (groups of) plastid genes (Kanamaru et al., 2001;

Hanaoka et al., 2003; Tsunoyama et al., 2004; Favory et al.,

2005). Adding to the complexity of the plastid’s transcriptional

machinery, PEP and NEP transcribe overlapping sets of genes.

Some plastid genes are predominantly transcribed from either

PEP or NEP, but a significant number of genes have promoters

for both RNA polymerases (Allison et al., 1996; Hajdukiewicz

et al., 1997; Lerbs-Mache, 2000; Legen et al., 2002).

Plastid gene expression is also extensively regulated at the

posttranscriptional level, most importantly at the level of protein

biosynthesis (Gillham et al., 1994; Bruick and Mayfield, 1999;

Zerges, 2000). For most plastid genes in Chlamydomonas, trans-

lation initiation appears to be the most important step at which

gene expression is regulated (Choquet and Wollman, 2002;

Eberhard et al., 2002). The relative contributions of transcrip-

tional and translational regulation to the control of plastid gene

expression have been somewhat controversial. While some

studies suggest a significant contribution of transcriptional reg-

ulation (Pfannschmidt et al., 1999; Tullberg et al., 2000), other

studies conclude that translational regulation largely overrides

fluctuations in mRNA levels and thus translation constitutes the

rate-limiting step in the expression of nearly all plastid protein-

coding genes (Eberhard et al., 2002).

Plastid gene expression and its regulation have been intensely

studied in chloroplasts, the plastid type present in photosyn-

thetically active tissues. By contrast, knowledge about gene

expression in nongreen plastid types has remained scarce. Since

a large fraction of plastid protein-coding genes is involved in

photosynthesis, it is generally believed that plastid gene expres-

sion is drastically downregulated in nonphotosynthetic tissues

(Piechulla et al., 1986, 1987). Ripe tomato fruits contain chro-

moplasts, carotenoid-accumulating plastids. Chloroplasts are

present in green tomatoes and are then converted into chromo-

plasts during fruit ripening. The plastome in chromoplasts is still

expressed. Ripe tomato fruits were shown to accumulate plastid

rRNAs and at least some mRNAs and to carry out active protein

biosynthesis, although protein accumulation levels are usually

much lower than in photosynthetically active tissues (Bathgate

et al., 1985; Piechulla et al., 1985, 1986). Likewise, chromoplasts

in bell pepper (Capsicum annuum) fruits accumulate both plastid-

encoded mRNAs and some proteins at low levels (Gounaris

and Price, 1987; Kuntz et al., 1989) and are translationally active

(Powell and Pryke, 1987).

The objective of this study was to systematically analyze the

expression of the tomato plastid genome and to identify regu-

latory patterns of gene expression in different tissues and plastid

types. To separate tissue-specific regulation from regulation

triggered by plastid differentiation (during the chloroplast-to-

chromoplast conversion), we have (1) compared gene expres-

sion in fruits with that in leaves and (2) analyzed a developmental

series during tomato fruit ripening. In addition to a plastome-wide

analysis of the transcriptome and the translatome, we have also

determined developmental changes in two key RNA-processing

steps: intron splicing and RNA editing. Our data reveal the

contributions of transcriptional, posttranscriptional, and transla-

tional processes to the regulation of plastid gene expression.

They also uncover a single plastid gene, accD, as probably the

only protein-coding gene in the plastome for which plastid gene

expression is maintained in chromoplasts. In addition, our data

sets identify expression elements suitable for triggering high-

level transgene expression from the plastid genome in fruit

chromoplasts.

RESULTS

Design of an Oligonucleotide Microarray to Analyze

Plastid Gene Expression in Solanaceae

Solanaceous plants have become important model species for

studying plastid biology, not the least because their plastid

genomes are amenable to genetic manipulation by chloroplast

transformation (Svab and Maliga, 1993; Sidorov et al., 1999; Ruf

et al., 2001). Knowledge about the regulation of plastid gene

expression in response to developmental programs, environ-

mental stimuli, and genetic perturbations is central to our under-

standing of photosynthesis and other plastid-localized metabolic

pathways, plastid–nucleus communication by anterograde and

retrograde signaling, and the application of plastid transformation

in functional genomics and biotechnology. Therefore, we were

interested in developing a plastome microarray for Solanaceae.

As our primary interest was to provide a microarray that was

applicable to the three most important solanaceous model

species, tobacco (Nicotiana tabacum), tomato, and potato

(Solanum tuberosum), we used the sequenced plastomes from

those species to design an oligonucleotide microarray. We

preferred an oligonucleotide array over a cDNA-based micro-

array for several reasons. First, an oligonucleotide microarray

allows the strand-specific detection of transcripts. This is a sig-

nificant advantage, because transcription from divergent pro-

moters resulting in overlapping complementary transcripts is

frequently observed in plastids (Kohchi et al., 1988; Haley and

Bogorad, 1990; Meng et al., 1991; Vera et al., 1992). Second, an

oligonucleotide microarray is much less prone to contamination

and artifacts caused by nonspecific background amplification.

An oligonucleotide microarray containing all genes and con-

served open reading frames present in solanaceous plastid

genomes was designed using the complete sequences of the

tobacco, tomato, and potato plastid genomes (Yukawa et al.,

2005; Daniell et al., 2006; Kahlau et al., 2006). The lengths of the

oligonucleotides were between 68 and 71 nucleotides, and a few

additional species-specific oligonucleotides were added for

poorly conserved genes (see Methods for details) (Figure 1A;

see Supplemental Data Set 1 online). To facilitate the quantitation

of hybridization signal intensities, a series of calibration and

reference samples was spotted on each microarray (Figure 1A).
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Figure 1. Design of a Plastome Microarray for Solanaceous Plants.

(A) Spotting scheme of oligonucleotide probes on the array. The array contains all genes and conserved open reading frames (ycfs) contained in

solanaceous plastid genomes and, in addition, a number of nonconserved open reading frames (orfs), which, however, are unlikely to represent

functional genes (Kahlau et al., 2006). Oligonucleotides are 68 to 71 nucleotides long. Poorly conserved genes are covered by more than one

oligonucleotide (indicated by the suffix -S for Solanum-specific oligonucleotide). NTC, negative control to assess nonspecific background hybridization;

Calib, Ratio, and Utility, calibration and reference DNAs (artificial sequences corresponding to the Lucidea Universal ScoreCard; Amersham

Biosciences). See Methods for details.

(B) Example of a microarray hybridization experiment with total leaf RNA showing that all genes and open reading frames are detected at sufficient

sensitivity.

(C) Graphical visualization of data sets using a modified version of the MapMan software (Thimm et al., 2004). All processes in which plastome-encoded

gene products participate are illustrated by pictograms containing a set of boxes corresponding to the genes involved in the respective process. The

order of the boxes reflects the order of the genes on the array. For example, the first row of gene boxes for ribosomal proteins of the small ribosomal

subunit represents the genes rps2, rps3, rps4, rps7, rps8, and rps11, and the second row represents rps12, rps14, rps15, rps16, rps18, and rps19. Red

indicates downregulated, and blue indicates upregulated, expression. Expression changes are displayed on a log2 scale. The data set shown here as an

example is a comparison of RNA accumulation in light red fruits and green fruits.
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All RNA samples analyzed were spiked with defined amounts of

the corresponding reference RNAs, and extensive test hybridi-

zations confirmed that this provided a reliable method for ob-

taining highly reproducible quantitative data (Figures 1A and 1B).

Two options exist for visualization of the data obtained with our

microarrays. The TIGR (for The Institute for Genomic Research)

MeV software (MultiExperiment Viewer; Saeed et al., 2003) can

be used to display simple heat maps listing all plastome-

encoded genes, providing a global overview of the expression

changes (Figures 2 and 3). To be able to evaluate changes in

plastid gene expression in a more pathway-dependent manner,

we also adapted the MapMan software (Thimm et al., 2004) with

a plastid genome output mask (downloadable at http://gabi.

rzpd.de/database/java-bin/MappingDownloader). This provides

a simple tool for visualizing the specific changes in different gene

classes that reflect processes involving plastid-encoded genes

(Figure 1C).

Transcriptional Regulation

To assess the relative contributions of transcriptional and trans-

lation regulation to the changes in plastid gene expression upon

fruit development and chloroplast-to-chromoplast conversion,

we first determined the changes in RNA accumulation for all

plastid genome–encoded genes and open reading frames. In

addition to green leaves, we analyzed a developmental series of

tomato fruits (green, turning, light red, and ripe red tomatoes;

Figure 2). All developmental stages were analyzed in triplicate,

each representing an independent RNA isolation.

We recorded the changes in plastid gene expression in two

ways. First, we used the expression levels in leaves as a refer-

ence and, in this way, analyzed the changes in the expression of

all genes in fruits compared with leaves (Figures 2A and 2B). This

analysis determined the changes triggered by the fruit develop-

mental program. In order to dissect the relative contributions of

fruit development and plastid differentiation, we also used the

expression levels in green, chloroplast-containing fruits as a

reference (Figures 2C and 2D). This allowed us to identify those

changes that are induced by chloroplast-to-chromoplast differ-

entiation and thus are independent of the initiation of the fruit

developmental program.

When gene expression in fruits was compared with that in

leaves, it became apparent that most plastid genes are strongly

downregulated in fruits. This is already the case in green fruits,

suggesting that the downregulation is triggered by the develop-

mental program rather than the chloroplast-to-chromoplast

conversion. Interestingly, the photosynthesis-related genes

were much more strongly downregulated than the genetic sys-

tem genes, the latter including, for example, the ribosomal

proteins and the subunits of the plastid-encoded E. coli–type

RNA polymerase PEP (Figures 2A and 2B; the photosynthesis-

related genes are at the top, ranging from psbA to ycf10, and the

genetic system genes then follow from rpoA to clpP and may

additionally include the conserved reading frames ycf1 and ycf2)

(Drescher et al., 2000). Many tRNAs were also strongly down-

regulated, which would be consistent with a drastically reduced

demand for charged tRNAs upon downregulation of the expres-

sion of the photosynthetic apparatus (Figures 2A and 2B). The

fact that the transcripts of nearly all plastid genes are strongly

downregulated in fruits compared with leaves (Figures 2A and

2B) suggests that the ratio of total plastid RNA to total cytosolic

RNA may decrease in fruits, possibly reflecting a reduced de-

mand for plastid gene expression capacity.

Interestingly, the chloroplast-to-chromoplast conversion was

not accompanied by drastic changes in transcript abundance

(Figures 2C and 2D). For most plastid genes, only minor (statis-

tically insignificant) changes were seen, suggesting that, at the

level of RNA accumulation, plastid differentiation has a much

lower impact on the regulation of plastid gene expression than

the developmental program. Notable exceptions include the trnA

gene (encoding the tRNA-Ala) and the rpoC2 gene (encoding an

RNA polymerase subunit), which tended to be upregulated.

Remarkably, the protein-coding gene that displayed the stron-

gest change in expression was accD, which encodes a subunit of

the acetyl-CoA carboxylase and is the only known plastid-

encoded gene involved in fatty acid biosynthesis. Its transcript

abundance increased during the chloroplast-to-chromoplast

conversion (Figure 2D), correlating with the high demand for

lipid biosynthesis in fruit ripening to provide the storage matrix for

the accumulating carotenoids.

To confirm that the microarray data faithfully represented the

developmental changes occurring in mRNA accumulation, se-

lected genes were analyzed by RNA gel blot experiments (using

plant material generated independently from the material used in

the microarray experiments; Figure 2E). We tested two photo-

synthesis genes (psbB and psbD), two genetic system genes

(rpoB and matK), and accD, the gene displaying the strongest

upregulation during fruit ripening. In all cases, the mRNA accu-

mulation patterns seen in the RNA gel blots corresponded

exactly to the data obtained by microarray analyses, confirming

that our microarray reliably detected changes in plastid gene

expression patterns.

Translational Regulation

Many, if not all, plastid genes are regulated at the translational

level, and it has been suggested that this translational regulation

may largely override changes in RNA accumulation (Eberhard

et al., 2002). To assess the relevance of the RNA accumulation

patterns determined by our microarray analyses with extracted

RNA samples, we explored the translational regulation of plastid

genes upon fruit development and chromoplast differentiation.

We purified polysomes (mRNAs loaded with ribosomes), which

can be separated from free mRNAs in sucrose density gradients

and represent the fraction of transcripts that is actively translated.

We analyzed the same developmental series as for the total RNA,

analyzing all stages in duplicate, each experiment representing an

independent polysome isolation (Figure 3). To separate the

changes triggered by the initiation of the fruit developmental

program from those induced by the chloroplast-to-chromoplast

conversion, we evaluated the data using two different data sets as

reference: (1) the polysome data set for leaves (Figures 3A and 3B)

and (2) the polysome data set for green fruits (Figures 3C and 3D).

When the polysome association of plastid mRNAs in fruits was

compared with that in leaves, a strong downregulation was seen

for most plastid genes (Figures 3A and 3B). However, there were
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Figure 2. Transcriptomics Analysis of Tomato Plastid Genome Expression.
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two notable exceptions. Three of the four plastid-encoded

subunits of the E. coli–like RNA polymerase (PEP) were only

weakly downregulated in fruits (rpoB, rpoC1, and rpoC2; Figures

3A and 3B). The only gene whose polysome association re-

mained essentially unchanged during fruit development was

accD, the acetyl-CoA carboxylase subunit gene that we had

found to be the most strongly upregulated gene at the RNA level

during the chloroplast-to-chromoplast conversion (Figure 2D).

While our analysis of plastid RNA accumulation revealed no

significant overall changes during chromoplast development

(Figure 2D), there was a pronounced general trend in polysome

association (Figures 3C and 3D). Polysome association succes-

sively declined during fruit ripening, suggesting that, while the

RNA levels remain largely constant, plastid translation is grad-

ually downregulated during chloroplast-to-chromoplast differ-

entiation. This trend was particularly pronounced in the

photosynthesis gene group (genes psbA to ycf10; Figures 3C

and 3D), correlating with the gradual loss of photosynthesis

during the chloroplast-to-chromoplast conversion. A single ex-

ception was seen: accD, whose polysome association did not

only stay high in fruits (Figures 3A and 3B) but even increased at

the onset of ripening (Figures 3C and 3D).

In order to confirm that accD is actively translated in chro-

moplasts, we analyzed fractionated polysome gradients by

RNA gel blotting (Figure 3E). As a control for an mRNA that is

translationally downregulated during fruit ripening, we also

determined ribosome association for psbD (Figure 3E). These

experiments revealed that, while accD was still strongly loaded

with ribosomes even in ripe red tomatoes, the ribosome asso-

ciation of the psbD mRNA declined gradually during ripening

and was almost undetectable in red fruits. The translational

upregulation of accD during the onset of the chloroplast-to-

chromoplast conversion (transition from the green to the turn-

ing stage) was seen equally clearly in both the microarray

analysis and the RNA gel blot experiments (cf. Figures 3C and

3D with Figure 3E).

It must be borne in mind that ribosome association does not

necessarily correlate directly with translational regulation. This is

because any change in mRNA accumulation can potentially

translate into a corresponding change in polysome association.

For example, in the extreme case that solely the amount of

transcript limits gene expression, a transcriptional upregulation

would be seen proportionally as an increase in polysome asso-

ciation, simply because any available mRNA molecule would

become translated. Thus, the polysome association data reflect

the net gene expression levels in that they directly correlate with

the total amount of protein synthesized. In this sense, the data

set presented in Figure 3 provides an overview of the changes

in plastid gene expression during fruit development. Three

main conclusions can be drawn. First, the expression of all

photosynthesis-related genes is already drastically downregu-

lated in green, chloroplast-containing fruits and declines further

during fruit ripening and chloroplast-to-chromoplast differentia-

tion. Second, the genetic system genes (i.e., genes involved in

gene expression) show a similar trend, although the downregu-

lation is somewhat less intense than for the photosynthesis

genes (Figures 3A and 3B). Third, the only protein-coding gene

that is expressed at constitutively high levels throughout fruit

development is the fatty acid biosynthesis gene accD (Figures

3A and 3B). This raises the possibility that the main reason for

maintaining some protein biosynthetic capacity in fruit plastids is

to sustain fatty acid biosynthesis.

To confirm the significance of the sustained accD expression

in fruit ripening at the protein level, protein gel blot analyses with

antibodies against the AccD protein were conducted. These

analyses revealed that the AccD protein accumulated in all fruit

ripening stages and even increased slightly during the onset of

chloroplast-to-chromoplast conversion (transition from the green to

the turning stage; Figure 4). By contrast, PsbD, a photosystem II

protein, was only detectable in green, chloroplast-containing

tomato fruits (Figure 4). The acetyl-CoA carboxylase enzyme

consists of four subunits, three of which are encoded in the

nuclear genome (AccA, AccB, and AccC) and one of which is

encoded in the plastid genome (AccD). To test whether the

nucleus-encoded subunits also accumulate in chromoplasts,

protein gel blot analysis with an anti-AccC antibody was per-

formed. As expected, AccC protein accumulation was seen in all

fruit ripening stages (Figure 4), suggesting that both the plastid-

encoded and the nucleus-encoded components of the enzyme

are present in chromoplasts. The accumulation of AccC did not

strictly parallel the accumulation of AccD in all ripening stages

(cf. green and turning fruits in Figure 4), indicating that some

subunits can stably accumulate even if not immediately incor-

porated into the complex.

Figure 2. (continued).

(A) and (B) Transcriptomics of fruit development. Changes in RNA accumulation in the different stages of fruit ripening (green, turning, light red, and red,

as schematically depicted above the displayed array data) are shown relative to the RNA accumulation levels in green leaves. Levels of downregulation

(red) or upregulation (blue) are shown on a log2 scale from �8 to þ8 (corresponding to a 256-fold change in expression from 0 to �8 and 0 to þ8,

respectively). The total data set is displayed in (A); the data set shown in (B) is limited to those changes that are statistically significant according to the

tests described in Methods.

(C) and (D) Transcriptomics of chloroplast-to-chromoplast differentiation in fruit ripening. Changes in RNA accumulation during chromoplast

development (turning, light red, and red ripening stages) are shown relative to the RNA accumulation levels in green, chloroplast-containing fruits. The

total data set is displayed in (C); the data set shown in (D) is limited to those changes that are statistically significant according to the tests described in

Methods. All data shown in (A) to (D) represent means of three independent experiments (RNA isolations).

(E) Confirmation of selected changes in transcript abundance by RNA gel blot analyses. Equal amounts of RNA extracted from green leaves and the four

stages of fruit ripening were separated by denaturing agarose gel electrophoresis, blotted, and hybridized to radiolabeled probes specific for psbB,

rpoB, matK, psbD, and accD. To control for equal loading, the ethidium bromide–stained agarose RNA gels are shown below each blot. The plant

material used for these RNA extractions was generated independently from the materials used for the three microarray experiments.
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Figure 3. Translatomics Analysis of Tomato Plastid Genome Expression by Measuring the Levels of Polysome-Associated mRNAs.
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RNA Polymerase Activity and Promoter Usage

Having seen complex patterns of changes in RNA accumulation

in fruits versus leaves (Figure 2), we were interested in determin-

ing whether these changes could be attributed to developmental

changes in the relative activities of the two distinct transcription

systems existing in plastids: the plastid-encoded E. coli–like RNA

polymerase (PEP) and the nucleus-encoded bacteriophage-type

RNA polymerase (NEP). To this end, we analyzed the transcription

initiation sites of four plastid genes: rbcL, a gene predominantly

transcribed by PEP; atpI, a gene transcribed by both PEP and

NEP; clpP, a gene predominantly transcribed by NEP; and rrn16,

the gene for the 16S rRNA, which is normally predominantly tran-

scribed by PEP but is transcribed by NEP in the absence of PEP

(as demonstrated by the analysis of PEP knockout plants) (Allison

et al., 1996; Hajdukiewicz et al., 1997). RNA 59 ends were mapped

by primer extension analysis in leaves, green fruits, and ripe red

fruits. No significant changes in the patterns of RNA 59 ends were

seen for rbcL, rrn16, and clpP (Figure 5). Analysis of atpI transcrip-

tional start sites provides the most informative data on the relative

activities of the two polymerases, because atpI possesses both a

PEP and a NEP promoter that are about equally strong (Miyagi

et al., 1998). Primer extension analysis of atpI transcripts revealed

that both promoters are used in leaves and fruits, suggesting that

both plastid RNA polymerases are active during fruit development.

We observed, however, a change in the relative polymerase activ-

ities in that, in leaves, the PEP promoter was more intensively used

than the NEP promoter, whereas in red fruits, transcription from

the NEP promoter prevailed (Figure 5). This may suggest that the

plastid-encoded RNA polymerase PEP is more strongly down-

regulated in fruit development than the nucleus-encoded RNA

polymerase NEP. Together with the earlier finding that PEP tran-

scribes mainly photosynthesis-related genes whereas NEP tran-

scribes mainly genetic system genes (Hajdukiewicz et al., 1997;

Maliga, 1998), this may provide a mechanistic explanation for our

observation that photosynthesis genes are generally more strongly

downregulated in fruits than genetic system genes (Figure 2).

Intron Splicing

The expression of a number of genes in plastids is dependent

upon the removal of intervening sequences (introns) that have to

be removed by splicing to obtain a functional gene product. With

a single exception, all introns in higher plant plastid genomes

belong to the group II introns (Michel et al., 1989; Sugita and

Sugiura, 1996; Bonen and Vogel, 2001). Group II introns are the

likely evolutionary ancestors of the spliceosomal introns present

in the nuclear genomes of eukaryotes (Copertino and Hallick,

1993; Hetzer et al., 1997). Compelling evidence has accumulated

that most, if not all, introns in the plastomes of higher plants do

not self-splice but instead require the assistance of proteina-

ceous splicing factors to be excised in vivo. While most splicing

factors for plastid group II introns are encoded by the nuclear

genome (Jenkins et al., 1997; Perron et al., 1999, 2004; Vogel

et al., 1999; Jenkins and Barkan, 2001; Rivier et al., 2001; Till

et al., 2001; Ostheimer et al., 2003), at least one appears to be

encoded in the plastome. The matK reading frame present in the

group II intron that interrupts the plastid trnK gene displays

homology with intron maturases in fungal mitochondrial ge-

nomes (Neuhaus and Link, 1987; Mohr et al., 1993; Hess et al.,

1994; Liere and Link, 1995).

As intron removal is an essential step in gene expression and a

prerequisite for obtaining a functional gene product, it seems

conceivable that splicing could be employed to regulate gene

expression. The recent finding that some splicing factors act

intron-specifically in that they promote the splicing of only a

single intron in the plastid genome (Till et al., 2001; Ostersetzer

et al., 2005) makes this possibility all the more reasonable.

In fact, previous work in maize (Zea mays) has shown that

the ratio of spliced to unspliced transcripts can be subject to

tissue-dependent variation (Barkan, 1989). Therefore, we were

interested in analyzing plastid intron splicing during fruit devel-

opment and chloroplast-to-chromoplast conversion in tomato.

Splicing efficiency was compared in leaves and four different

stages of fruit ripening by separating RNA samples on denaturing

gels and hybridizing them to specific probes for intron-containing

plastid genes. Five transcripts containing eight introns in total

were investigated: petB/D (harboring one intron in petB and one

in petD), rps12 (containing one intron spliced in cis and one

spliced in trans), clpP (containing two introns), trnI-GAU, and

ndhB. For most of these genes, there were no significant

changes in the relative ratios of intron-containing precursor

transcripts versus mature spliced RNAs (Figure 6). This was

Figure 3. (continued).

(A) and (B) Translatomics of fruit development. Changes in the polysome association of all plastid protein-coding genes are shown for the different

stages of fruit ripening (see Figure 2) relative to the translation levels in green leaves. Blue indicates upregulation and red indicates downregulation.

Expression changes are displayed on a log2 scale from �8 to þ8 (corresponding to a 256-fold change in expression from 0 to �8 and 0 to þ8,

respectively). The total data set is displayed in (A); the data set shown in (B) is limited to those changes that are statistically significant according to the

tests described in Methods.

(C) and (D) Translatomics of chloroplast-to-chromoplast differentiation in fruit ripening. Changes in polysome association during chromoplast

development (turning, light red, and red ripening stages) are shown relative to the translation rates in green, chloroplast-containing tomato fruits. The

total data set is displayed in (C); the data set shown in (D) is limited to those changes that are statistically significant according to the tests described in

Methods. All data shown in (A) to (D) represent means of two independent experiments (polysome isolations).

(E) Confirmation of selected changes in polysome association by RNA gel blot analyses. Polysome gradients were fractionated into six fractions, and

equal aliquots of extracted RNAs were separated by denaturing agarose gel electrophoresis, blotted, and hybridized to radiolabeled probes specific for

accD and psbD. The wedges above each blot indicate the gradient from low to high sucrose concentration. As a control, a sample was treated with

puromycin to cause dissociation of ribosomes from the mRNAs. The ethidium bromide–stained agarose RNA gels are shown below each blot. The plant

material used for these polysome preparations was generated independently from the materials used for the two microarray experiments.
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also the case for the only plastid mRNA that is processed by

trans-splicing (rps12; Figure 6). By contrast, the intron in the

ndhB transcript, encoding a subunit of the plastid NAD(P)H

dehydrogenase, showed a strong decline in splicing during fruit

development. In ripe red tomatoes, almost all ndhB transcripts

remained unspliced, indicating that fruit development is accom-

panied by a gradual loss in ndhB intron splicing activity.

In order to investigate this splicing deficiency in more detail,

RNA gel blot experiments with an ndhB intron probe were

conducted. These experiments revealed that the first intermedi-

ate of the group II intron splicing reaction, the lariat structure

resulting from the first transesterification step, accumulated

throughout fruit development and was still present in essentially

unchanged amounts in the red fruit (Figure 6). Together with the

nearly complete absence of the free intron and the ligated exons,

this finding suggests that a splicing factor specifically mediating

the second transesterification reaction of ndhB intron excision is

absent from chromoplasts.

In addition to intron splicing, our RNA gel blot analyses also

provided information about the processing patterns of plastid

transcripts during fruit development. Even for transcripts dis-

playing very complex RNA accumulation patterns in leaves (such

as the transcripts from the rps12 and the pentacistroinc psbB/

petBD operons), no significant changes were observed during

fruit ripening, suggesting that the cleavage of polycistronic

transcripts into monocistronic or oligocistronic mRNAs is prob-

ably not under developmental regulation.

mRNA Editing

mRNAs in plant cell organelles can be subject to RNA editing, a

curious RNA-processing step altering the identities of single

nucleotide residues. In higher plant chloroplasts, editing pro-

ceeds by C-to-U conversions at highly specific sites (Hoch et al.,

1991; Kudla et al., 1992; reviewed in Bock, 2000). With very few

exceptions (Hirose et al., 1996; Kudla and Bock, 1999), the vast

majority of known plastid RNA editing events alter the coding

properties of the affected transcripts, usually resulting in the

restoration of phylogenetically conserved amino acid residues

(Maier et al., 1992a, 1992b). Transgenic experiments creating

plants with a noneditable version of a chloroplast transcript have

provided direct evidence for the functional importance of plastid

RNA editing (Bock et al., 1994). We recently determined the

editing sites encoded in the plastid genome of tomato and

compared the editing pattern of the tomato plastome with that of

two other solanaceous plants, tobacco and deadly nightshade

(Atropa bella-donna) (Kahlau et al., 2006). This analysis revealed

that, while most editing sites are conserved between the three

species, a few sites were species-specific or shared between

only two species. Editing at most known plastid mRNA editing

sites appears to be constitutive, in that virtually complete editing

of the transcript population is seen in all tissues and develop-

mental stages investigated. Very few editing sites have been

shown to undergo changes in editing efficiency that are depen-

dent on the developmental stage of the plant and/or the tissue

type investigated (Bock et al., 1993; Karcher and Bock, 2002;

Miyata and Sugita, 2004). To assess whether plastid RNA editing

is regulated in plant development and/or even participates in the

regulation of plastid gene expression, we performed a system-

atic analysis of mRNA editing in tomato plastids by comparing

the editing in chloroplasts of green leaves with that in chloro-

plasts and chromoplasts of the different fruit ripening stages.

We analyzed 23 of the 36 RNA editing sites encoded in the

plastid genome of tomato (Kahlau et al., 2006): the 9 editing sites

in ndhB, the 6 sites in ndhD, the 2 sites in ndhA, 2 of the 5 sites in

rpoB (sites 184 and 809), and the single sites in the ndhF, ndhG,

atpF, and rps12 transcripts. Editing at each site was assessed by

comparing the DNA sequence with that of the directly sequenced

cDNA population amplified from green leaves and five different

fruit ripening stages (Figure 7). For most sites analyzed, editing

turned out to be equally efficient in all tissues and developmental

Figure 4. Confirmation of AccD Expression in Chromoplasts at the

Protein Level.

Protein gel blots for two subunits of the plastid acetyl-CoA carboxylase

are shown: the plastid genome–encoded AccD protein and the nuclear

genome–encoded AccC subunit (Sasaki et al., 1993, 1995; Madoka

et al., 2002). As an example of a plastid-encoded photosynthesis protein,

the photosystem II subunit PsbD was analyzed. For each protein, a

dilution series of total leaf protein was compared with total proteins

extracted from the four stages of fruit ripening. To control for correct

protein quantitation, a Coomassie blue–stained polyacrylamide gel is

also shown. The two subunits of ribulose-1,5-bis-phosphate carboxylase/

oxygenase (RbcL and RbcS), representing the most abundant proteins in

green leaves, are labeled. Note that while the PsbD protein is undetectable

in chromoplast-containing tomato fruits, the AccD protein still accumulates

in ripe red fruits.
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stages (see Supplemental Table 1 online), indicating that editing

at these sites is neither under developmental regulation nor

affected by the plastid type (chloroplasts versus chromoplasts).

However, editing in three transcripts was found to be altered in

fruits compared with leaves. Interestingly, all three of these

mRNAs encode subunits of the plastid NAD(P)H dehydrogenase,

an enigmatic multiprotein complex of unclear physiological func-

tion. The complex is present in the thylakoid membranes of

angiosperm plants (but not in gymnosperms and green algae)

and has been implicated in cyclic electron flow and some abiotic

stress responses (Burrows et al., 1998; Sazanov et al., 1998;

Shikanai et al., 1998; Horváth et al., 2000; for a recent review, see

Rumeau et al., 2007). The ndhB transcript contains nine RNA

editing sites in tomato, tobacco, and deadly nightshade. While

seven of these sites were constitutively fully edited in all analyzed

tissues and developmental stages, two of the sites (sites 196 and

277) displayed strongly reduced editing efficiency in at least

some fruit stages (Figure 7). Site 196 was nearly unedited in small

green fruits. As fruit development proceeded, editing at site 196

first increased (in full-sized green tomatoes) and then declined

during ripening, with ;50% of the mRNA molecules remaining

unedited in ripe tomatoes. By contrast, site 277 was still fully

edited in small green fruits, but editing efficiency then gradually

declined, reaching only 50% in ripe red tomatoes. RNA editing at

the single editing site present in the ndhF transcript was already

affected in small green fruits (with about half of the RNA mole-

cules remaining unedited), and no pronounced further decline in

editing efficiency was observed (Figure 7).

The most striking changes were seen in the ndhD transcript.

Here, editing at two of six sites was affected. Editing at site

1 creates a canonical AUG translation initiation codon from a

genomically encoded ACG codon, whereas editing at site 200

changes a genomically encoded TCA Ser codon to a UUA Leu

codon at the RNA level. Editing at site 1 declined gradually during

fruit development and was undetectable in ripe red fruits. An

even more dramatic effect was seen at site 200. Editing was

already completely lost in small green fruits, and no editing was

seen at all later stages of fruit development (Figure 7). The early

loss of editing at this site indicates that it is not an effect of

chloroplast-to-chromoplast differentiation but rather the result of

switched-off editing at the onset of fruit development. To further

substantiate this conclusion, we also analyzed different tissues

from small green fruits (fruit peel and pericarp). Site 200 remained

unedited in the ndhD transcripts independent of the tissue type,

indicating that the developmental switching off of editing is an

organ-wide process affecting all fruit tissues (see Supplemental

Figure 5. Developmental Analysis of Plastid RNA Polymerase Activities by Determining PEP and NEP Promoter Usage in Leaves and Green and Red

Tomato Fruits.

Transcriptional start sites for the rbcL, atpI, rrn16, and clpP genes were determined by primer extension analysis. PEP promoters, NEP promoters, and

RNA processing sites for the genes analyzed here were identified previously (Allison et al., 1996; Hajdukiewicz et al., 1997). Note that not all previously

characterized 59 ends were identified here, because some 59 ends represent lowly abundant transcript species or are only detectable in a PEP knockout

genetic background (Allison et al., 1996; Hajdukiewicz et al., 1997).
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Table 2 online). The immediate consequence of this develop-

mental regulation in RNA editing is that the NdhB, NdhF, and

NdhD proteins in fruits differ from the proteins made in leaves.

The NdhB and NdhF protein populations are probably hetero-

geneous in fruits due to partial editing in single amino acid

positions. In the case of the NdhD protein, all protein molecules

made in fruits are different from those in leaves. Whereas the

NdhD protein in leaves carries a Leu at position 200, the protein in

fruits has a Ser at that position.

No novel RNA editing sites were detected in fruits, possibly

suggesting that the editing pattern seen in leaves represents the

maximum RNA editing capacity of the plastid. However, as we

have not sequenced fruit cDNAs for all plastid genes, there re-

mains a slight possibility that some fruit-specific or chromoplast-

specific RNA editing events could exist.

DISCUSSION

In the course of this work, we developed an oligonucleotide

microarray suitable for obtaining complete transcriptomics and

translatomics data sets for the plastid genome. We then used

microarray-based analysis of RNA accumulation and polysome

association to study the expression of the plastid genome during

tomato fruit development and showed how transcriptomics and

translatomics data sets can be integrated to assess the rela-

tive contributions of RNA metabolism and translation to the

Figure 6. Developmental Analysis of Plastid Intron Splicing and Processing of Polycistronic Transcripts by Intercistronic Cleavage.

RNA gel blots with probes specific for the transcripts indicated above each blot are shown. Introns are symbolized as open boxes, intron-free genes in

polycistronic mRNAs are shown as closed boxes, and exons of intron-containing genes are depicted as shaded boxes. Lariats are indicated by circles.

Asterisks denote mature (fully spliced) transcripts. Roman numerals above the shaded boxes indicate exon numbers. To control for equal loading, RNA

gels are shown below each blot. Note that unspliced precursors are not detectable for petD and for the two introns of rps12 (the first of which is trans-

spliced and the second cis-spliced). The processing patterns remain essentially unchanged during the four fruit ripening stages (lane 2, green fruit; lane

3, turning; lane 4, light red; lane 5, red) compared with green leaves (lane 1). Likewise, the splicing efficiency of the clpP and trnI-GAU introns does not

change significantly during development, whereas the splicing efficiency of the ndhB intron declines during fruit development and the ndhB transcript

remains largely unspliced in ripe red tomatoes.
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Figure 7. Developmental Analysis of Plastid RNA Editing.
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regulation of plastid gene expression. Our results demonstrate

that both the regulation of RNA accumulation and translational

regulation contribute to the regulation of gene expression in

plastids. Interestingly, the global changes in gene expression in

fruits compared with leaves are mainly brought about by

changes in RNA accumulation, with translational regulation

playing only a relatively modest role (cf. Figures 2A and 2B with

3A and 3B). By contrast, the global changes in gene expression

during chloroplast-to-chromoplast conversion in fruit ripening

are not accompanied by major changes in RNA abundance and,

instead, are predominantly the result of translational regulation

(cf. Figures 2C and 2D with 3C and 3D).

It should be borne in mind that the expression changes seen

in transcriptomics-type microarray experiments reflect the sum

of transcriptional regulation and the regulation of RNA stability

and degradation. Thus, any change in RNA accumulation seen

on the array could be due to either altered transcription or

changes in RNA turnover (or both). Whether, for example, the

strong global decline in RNA accumulation in fruit plastids

(Figures 2A and 2B) is predominantly the result of downregu-

lated plastid transcription or is, at least in part, also caused by an

increase in RNA turnover remains to be established. From our

data, however, it is clear that if the global downregulation of

plastid RNA levels in fruits is transcriptional in nature, it cannot

be specifically attributed to one of the two RNA-polymerizing

activities in plastids, PEP and NEP. Although their relative activ-

ities change in fruit development, both are still active in ripe red

tomatoes (Figure 5).

It is also important to note that most plastid genes are part of

operons and transcribed as polycistronic mRNAs. Although

most polycistronic precursor transcripts are posttranscrip-

tionally processed into monocistronic or oligocistronic units

(presumably by specific endonucleolytic cleavage) (Westhoff

and Herrmann, 1988; Sugita and Sugiura, 1996; Herrin and

Nickelsen, 2004), some mRNAs remain largely polycistronic.

Examples of these are the psbE operon transcript comprising

four small genes for polypeptides of photosystem II (psbE, psbF,

psbL, and psbJ) (Carrillo et al., 1986; Willey and Gray, 1989) and

the psaA/psaB transcript (Meng et al., 1988), which is also not

regularly cleaved by intercistronic processing. Thus, the poly-

some association data do not allow us to distinguish between an

altered translation of psaA or psaB or both. Although both genes

encode reaction center proteins of photosystem I, it is theoret-

ically possible that only one of the two is translationally regulated

and is solely responsible for the change in ribosome association

of the dicistronic psaA/psaB message.

Finally, it must be kept in mind that the translation rate is not the

only determinant of protein accumulation. Posttranslational pro-

cesses, including the differential stability of proteins, may addi-

tionally contribute to regulating the final protein accumulation

levels. Protein degradation may become particularly relevant to

all of those proteins that are components of multiprotein com-

plexes and whose stability depends on the accumulation of the

other subunits in stoichiometric amounts. It is well established,

for example, that many photosystem subunits are condemned to

rapid degradation if they are not properly incorporated into the

complex (Goldschmidt-Clermont, 1998; Wostrikoff et al., 2004).

The same may hold true for the ribosomal proteins, not all of

which are strictly coregulated during fruit development (Figure 3)

and thus could be additionally regulated at the posttranslational

level. However, it has been suggested that in maize (Zea mays),

the stoichiometry of plastid ribosomal protein subunits un-

dergoes changes in response to environmental cues (Zhao

et al., 1999). Thus, it remains to be established whether super-

numerary ribosomal proteins are degraded or accumulate either

freely or in ribosomes during tomato fruit development.

One of the most remarkable findings from our transcriptomics

and translatomics analyses is that only a single protein-coding

gene circumvented the global decline in gene expression during

tomato fruit development: accD, the only gene on the plastome

that is involved in fatty acid biosynthesis (Figures 3 and 4). This

makes biological sense in that high fatty acid biosynthetic

capacity must be sustained in fruit development to provide the

membrane lipids that accommodate the storage carotenoids

that are massively synthesized during fruit ripening. It is note-

worthy in this respect that the accD gene is essential and cannot

be deleted from the plastome (Kode et al., 2005).

The requirement for accD expression in fruit plastids makes it

necessary that all plastid genes involved in gene expression

(genetic system genes) also continue to be expressed. This is

consistent with our observation that these genes are, on average,

less strongly downregulated in fruits than are the photosynthesis

genes (Figures 3A and 3B). Since, in green leaves, the photo-

synthesis genes are the most highly expressed plastid genes, it

seems reasonable to assume that if no significant expression of

the photosynthesis genes occurs, a low translational capacity is

sufficient to (1) translate the genetic system gene mRNAs at a low

level and (2) sustain the high expression of the accD gene in fruit

plastids.

Although accD may be the only plastid-encoded protein

needed in chromoplasts, at least one plastid-encoded RNA

molecule should also be essential: the glutamyl-tRNA encoded

Figure 7. (continued).

Editing at selected sites of the plastid ndhB, ndhF, and ndhD mRNAs is shown below the corresponding DNA sequences for a developmental series

including green leaves and five different fruit stages. Editing sites are denoted by arrows pointing to the corresponding peak in the sequencing

chromatogram. Note that C-to-U editing at ndhB site 279 and ndhD site 225 is complete in all developmental stages, whereas editing at ndhB sites 196

and 277 and ndhF site 97 is only partial in fruits. The ndhD sites 1 and 200 remain virtually completely unedited in fruits, with the exception of site 1,

which is still partially edited in very young fruits. The relative sizes of the letters C and T above each editing site in the sequence chromatograms

symbolize the editing efficiency as evidenced by relative peak intensities. Note that in some cases, the C and T peaks overlap exactly due to the

presence of approximately equal amounts of edited and unedited mRNAs (ndhB-196 in red fruits, ndhB-277 in green and light red fruits, and ndhF-97 in

green and red fruits).
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by the trnE gene. In addition to its role in translation, the tRNA-

Glu is also required in the first step of tetrapyrrole biosynthesis

(Schön et al., 1986), presumably providing the precursors for

both chlorophyll and heme syntheses. Expression of the trnE

gene is downregulated in fruits compared with leaves (Figures 2A

and 2B), presumably reflecting both the reduced need for tRNA-

Glu in protein synthesis and the reduced demand by chlorophyll

biosynthesis.

It is conceivable that, in addition to the regulation of RNA

accumulation and translation, RNA processing also contributes

to the regulation of plastid gene expression. Our analysis of the

transcript patterns of several plastid operons revealed no evi-

dence of a regulation at the level of intercistronic RNA processing

and only a single example of developmentally downregulated

splicing (Figure 6). The significance of our finding that the ndhB

transcripts remain largely unspliced in chromoplasts is unclear,

but the lack of splicing may contribute to the ndhB mRNA being

the most strongly downregulated transcript (at the level of

polysome association; Figures 3A to 3D) of all 11 plastid ndh

genes. Moreover, the accumulation of the lariate intermediate

suggests the existence of at least one splicing factor that is

specifically involved in the second transesterification and/or

exon ligation reaction in ndhB intron splicing.

Our comprehensive analysis of RNA editing in plastid tran-

scripts during fruit development indicates that only three mRNAs

undergo developmental changes in their editing patterns. Inter-

estingly, all three mRNAs encode subunits of the plastid NAD(P)H

dehydrogenase, a membrane protein complex of unclear phys-

iological function (reviewed in Rumeau et al., 2007). The total loss

of RNA editing at two sites in the ndhD transcript of red fruits (one

of which, ndhD-200, is already fully unedited in small green fruits;

Figure 7) is particularly interesting and raises the possibility that

leaf and fruit plastids harbor different isoforms of the NdhD

protein. One of the two RNA editing sites resides in the transla-

tion initiation codon and creates a canonical AUG start codon

from a genomically encoded ACG codon. A lack of editing is

unlikely to render the ndhD mRNA untranslatable, as previous

work has established that ACG-to-AUG editing is not essential

for ndhD translation in tobacco (Sasaki et al., 2003; Zandueta-

Criado and Bock, 2004). However, in the absence of clearly

defined functions of the NAD(P)H dehydrogenase in green and

nongreen plastids, it remains difficult to assess the physiological

consequences of the developmentally regulated RNA editing

patterns in ndh transcripts.

Finally, our plastome-wide analysis of the transcriptional and

translational regulation of gene expression in fruit plastids also

provides a valuable data set for the design of expression cas-

settes for plastid transformation experiments. Plastid transfor-

mation is uniquely attractive for plant biotechnology because it

offers high-level foreign protein accumulation, the absence of

epigenetic effects, convenient transgene stacking in operons,

and increased gene containment due to maternal plastid inher-

itance, which largely excludes transgenes from transmission via

pollen (reviewed in Maliga, 2004; Bock, 2007). Efficient trans-

gene expression in consumable plant organs (which frequently

are nongreen) is central to the wide use of plastid transformation

in biotechnology and is particularly critical to the production of

pharmaceutical proteins (vaccines, antibodies, and antimicrobial

agents), an area commonly referred to as molecular farming (Ma

et al., 2005; Bock, 2007). Plastid transformation technology

recently became available for tomato (Ruf et al., 2001; Wurbs

et al., 2007). The identification of genes that are highly expressed

at the transcriptional or translational level in tomato fruits will

facilitate the design of novel expression cassettes that combine

strong transcription signals (promoters) with strong translation

signals (59 untranslated regions) and, in this way, will help

maximize foreign protein accumulation in tomato fruits.

METHODS

Plant Material

Seeds from Solanum lycopersicum cv IPA-6, a commercially grown South

American tomato cultivar, were germinated and grown in a greenhouse

with supplementary lighting of ;200 mmol quanta�m�2�s�1. Fruits were

harvested at the different stages of ripening defined by the California

Tomato Commission (http://www.tomato.org/Member/Content.aspx?id¼20).

RNA Isolation and RNA Gel Blot Analyses

Total RNA from tomato leaf and fruit samples was isolated using the

peqGOLD TriFast reagent (Peqlab) and further purified with the NucleoSpin-

RNA Clean Up kit (Macherey-Nagel). For RNA gel blot analyses,

RNA samples were separated by denaturing gel electrophoresis in

formaldehyde-containing 1% agarose gels, transferred onto Hybond

nylon membranes (Amersham Biosciences) by capillary blotting, and

hybridized to [32P]dCTP-radiolabeled probes. Hybridization probes were

generated by labeling gene-specific PCR products with the Megaprime

DNA labeling system (Amersham Biosciences) following the instructions

of the manufacturer. Hybridizations were performed at 658C in Church

buffer (Church and Gilbert, 1984). mRNA-specific probes were prepared

by PCR amplification from genomic DNA or cDNA, except for trnI, for

which a synthetic oligonucleotide corresponding to the mature tRNA

sequence was used for labeling (see Supplemental Data Set 1 online).

PCR primers and conditions for their use are shown in Supplemental

Table 3 online. For cDNA synthesis, RNA samples were treated with

RNase-free DNase I (Roche) to remove residual contaminating DNA.

Isolation of Polysomes

Polysome isolation was performed as described (Barkan, 1998) with

minor modifications. The gradients contained 4 3 0.9 mL of sucrose at the

indicated concentrations, overlaid with 0.5 mL of sample in extraction

buffer. Following centrifugation, each gradient was separated into 10

fractions for microarray analysis or 6 fractions for RNA gel blot analysis.

Control gradients with puromycin were analyzed to identify fractions that

contained only polysomes and were devoid of free mRNA and ribosomes.

These fractions were pooled (typically, the five lowest fractions) and

extracted with phenol:chloroform, and the RNA was precipitated with

ethanol.

cDNA Synthesis

For analysis of RNA editing, samples of 2 mg of purified DNA-free RNA

were used in 20-mL cDNA synthesis reactions. Reverse transcription was

primed with random hexanucleotide primers (1 mg per reaction), and

cDNA synthesis was performed with SuperScript III RNase H–free reverse

transcriptase (Invitrogen) according to the manufacturer’s instructions.

For microarray analyses, labeled cDNA probes were generated by

reverse transcription of 10 mg of total or polysomal RNA spiked with
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2 mL of reference RNAs (Lucidea Universal ScoreCard; Amersham

Biosciences) using the SuperScript Indirect cDNA Labeling kit (Invitro-

gen). The fluorescent dye Cy3 (Amersham Biosciences) was incorporated

into the cDNA probes according to the manufacturer’s instructions

(Invitrogen).

Design and Production of a Plastome Oligonucleotide Microarray

for Solanaceae

An oligonucleotide microarray containing all of the genes and conserved

open reading frames present in solanaceous plastid genomes was

designed using the published sequence of the tobacco (Nicotiana

tabacum) plastid genome (accession number NC_001879). When the

tomato (accession number NC_007898) and potato (Solanum tuberosum;

accession number NC_008096) plastid genome sequences became

available, five additional oligonucleotide probes were added to cover

those genes with insufficient homology between the selected tobacco

oligonucleotide and the corresponding tomato and potato sequences

(accD, clpP, ycf1, ycf2, and rpoA; oligonucleotides designated –S for

Solanum in Figure 1A). The lengths of the oligonucleotides were between

68 and 71 nucleotides. Whenever possible, the GC content was adjusted

to ;50%. A list of all oligonucleotides is presented in Supplemental

Data Set 1 online. For printing onto SuperEpoxy 2 DNA substrates

(ArrayIt), the concentrations of all HPLC-purified oligonucleotides (Meta-

bion) were adjusted to 100 ng/mL (in Micro Spotting Solution Plus;

ArrayIt). One hundred picograms of oligonucleotide was printed per spot

using a Piezorray spotter (Perkin-Elmer). Each array pattern was printed in

duplicate.

Microarray Hybridization Experiments

To reduce the volume of labeled cDNA probes, the samples were

centrifuged for 10 min in YM-10 microcons (Millipore) and then dissolved

in 130 mL of hybridization buffer (0.1% SDS, 25% formamide, 53 SSC

[13 SSC is 0.15 M NaCl and 0.015 M sodium citrate], 10 mg/mL BSA, and

40 mM NaPP). The microarray slides were prehybridized according to the

manufacturer’s instructions (ArrayIt). Hybridization experiments were

conducted in a HybArray 12 station (Perkin-Elmer). A standard hybridi-

zation protocol was 5 min of preheating of the slide at 758C followed by

cooling to 458C and addition of the labeled and denatured (5 min at 958C)

cDNA. The slides were then incubated at 44, 43, and 428C for 1 h per

temperature step and then for 12 h at 418C. Nonspecifically bound cDNAs

were subsequently removed by three different washing steps conducted

in the following order: (1) 23 SSCþ 0.1% N-lauroylsarcosine sodium salt,

(2) 0.23 SSC þ 0.1% N-lauroylsarcosine sodium salt, and (3) 0.23 SSC.

All washes were performed at 258C in four cycles, with each cycle

consisting of 20 s of wash buffer flowing through the hybridization

chamber and a 40-s dwell time of the washing buffer inside the chamber.

Afterward, the slides were dried by centrifugation at 500g for 10 min and

scanned using a FLA-8000 scanner (Fujifilm). Hybridization signal inten-

sities were determined using the GeneSpotter software (MicroDiscovery).

Microarray Data Evaluation

To facilitate signal quantitation, a series of 10 reference cDNAs (Lucidea

Universal ScoreCard; Amersham Biosciences) was spotted onto all

arrays (Calib 1 to 10 in Figure 1A). Prior to cDNA synthesis, all RNA

samples were spiked with the corresponding 10 reference RNAs. The

reference RNAs covered a quantitative range from 1 pg to 30 ng. The

signal intensities resulting from cDNA hybridization to the calibration

samples were plotted against the corresponding RNA amounts to record

calibration curves, thus allowing the calculation of relative expression

values and ensuring between-array comparability. Relative expression

levels are displayed as log2 values of (1) the ratios of different stages of

fruit ripening versus the green leaf sample or (2) later fruit ripening stages

versus green fruits. The TIGR MeV software (Saeed et al., 2003) and the

MapMan software (Thimm et al., 2004) adapted with a plastid genome

output mask (downloadable at http://gabi.rzpd.de/database/java-bin/

MappingDownloader) were used for data visualization.

The normalized microarray data were read into R (R Development Core

Team, 2008), and, after taking the logarithm of the data, a linear model

was fitted to them, using the limma package (Smyth, 2004). After

extracting the contrasts of interest (red fruits versus leaves, light red

fruits versus leaves, turning fruits versus leaves, and green fruits versus

leaves as well as red fruits versus green fruits, light red fruits versus green

fruits, and turning fruits versus green fruits) from the linear model,

significant changes were estimated using the empirical Bayes procedure

implemented in limma. Significance was tested controlling the false

discovery rate at 5% and using the nestedF procedure, which adjusts

genes down before classifying F tests. The false discovery rate was

controlled as detailed by Benjamini and Hochberg (1995). The results are

reproduced in Supplemental Data Sets 2 and 3 online. The same

procedure was applied to the polysomal data sets.

PCR and DNA Sequencing

First-strand cDNAs were amplified in an Eppendorf thermal cycler using

GoTaq Flexi DNA polymerase (Promega) and gene-specific primer pairs

(see Supplemental Table 3 online). The standard PCR program was 30 to

40 cycles of 1 min at 948C, 40 s at 588C, and 40 s to 1.5 min at 728C, with a

5-min extension of the first cycle at 948C and a 5-min final extension at

728C. PCR products were purified by electrophoretic separation on

agarose gels followed by DNA extraction from excised gel slices using the

NucleoSpin Extract II kit (Macherey-Nagel). To assess the RNA editing

status of a given transcript, the amplified cDNA population was directly

sequenced (MWG).

Primer Extension Analyses

The amount of RNA used for primer extension analysis was adjusted to

the abundance of the target transcript in the RNA sample and thus varied

greatly depending on the transcript and the source tissue. It ranged from

1 mg for the rbcL transcript in leaf tissue to 30 mg for the atpI transcript in

fruits. Primer sequences were derived from published data (Allison et al.,

1996; Hajdukiewicz et al., 1997) and are listed in Supplemental Table 3

online. The primers were radioactively labeled by incubation with

[g-32P]dATP and T4 polynucleotide kinase (New England Biolabs) ac-

cording to the manufacturer’s instructions. A total of 100 fmol of radio-

labeled rbcL or 16S rRNA primers and 30 fmol of labeled atpI or clpP

primers were used for gene-specific cDNA synthesis with the SuperScript

III RNase H–free reverse transcriptase (Invitrogen) according to the

manufacturer’s instructions. The cDNAs were denatured for 5 min at

958C and separated by electrophoresis on denaturing 8% polyacrylamide

gels. To determine the size of the extension signals, a radiolabeled FX174

Hinf I DNA marker was run alongside the samples.

Protein Analysis

Total proteins were extracted according to published protocols (Kuroda

and Maliga, 2001); extraction buffer was additionally supplemented with

0.02% N-lauroylsarcosine and 0.02% Triton X-100 (Cahoon et al., 1992).

Twenty-five and 100 mg of total fruit protein and a dilution series of total

leaf protein were separated by electrophoresis on 15% SDS-containing

polyacrylamide gels. The gels were either stained with Coomassie

Brilliant Blue (Serva) or blotted onto polyvinylidene difluoride membranes

(Hybond-P; GE Healthcare). Membranes were treated with blocking
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buffer (20 mM Tris-HCl, pH 7.6, 137 mM NaCl, 0.1% Tween 20, and 0.5%

BSA; BSA was replaced with 0.2% casein for the AccC antibody)

overnight and subsequently incubated for 1 h with polyclonal antibodies

against PsbD, AccD, and AccC (raised in rabbits) diluted in buffer (20 mM

Tris-HCl, pH 7.6, 137 mM NaCl, and 0.1% Tween 20). Antibodies against

the acetyl-CoA carboxylase subunits AccC and AccD were kindly pro-

vided by Yukio Nagano and Yukiko Sasaki (Madoka et al., 2002). An anti-

PsbD antibody was purchased from Agrisera. Antibody dilutions were

1:2500 (AccC and AccD) and 1:1000 (PsbD). Detection was performed

with the ECL Plus protein gel blotting detection system (GE Healthcare).

Accession Numbers

GenBank/EMBL database accession numbers for the sequences from

which synthetic oligonucleotides were derived and hybridization probes

were produced are listed in Supplemental Table 3 online.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Table 1. Efficiency of Plastid RNA Editing in Tomato

Leaves and Fruits.

Supplemental Table 2. RNA Editing at ndhD Sites 1, 200, and 225 in

Different Fruit Tissues and Ripening Stages.

Supplemental Table 3. Primers Used in This Work.

Supplemental Data Set 1. Gene-Specific Oligonucleotides Used to

Produce the Plastome Microarray.

Supplemental Data Set 2. Log2 Fold Change in Expression (AVG) of

Total RNA Abundance and Significance Test at 5% False Discovery

Rate.

Supplemental Data Set 3. Log2 Fold Change in Expression (AVG) of

Polysomal RNA Abundance and Significance Test at 5% False

Discovery Rate.
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Börner, T. (1994). Inefficient rpl2 splicing in barley mutants with

ribosome-deficient plastids. Plant Cell 6: 1455–1465.

Hetzer, M., Wurzer, G., Schweyen, R.J., and Mueller, M.W. (1997).

Trans-activation of group II intron splicing by nuclear U5 snRNA.

Nature 386: 417–420.

Hirose, T., Fan, H., Suzuki, J.Y., Wakasugi, T., Tsudzuki, T., Kössel,
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Editing of a chloroplast mRNA by creation of an initiation codon.

Nature 353: 178–180.
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