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Plastid genomes contain a conserved set of genes encoding components of the translational apparatus. While knockout of

plastid translation is lethal in tobacco (Nicotiana tabacum), it is not known whether each individual component of the plastid

ribosome is essential. Here, we used reverse genetics to test whether several plastid genome–encoded ribosomal proteins

are essential. We found that, while ribosomal proteins Rps2, Rps4, and Rpl20 are essential for cell survival, knockout of the

gene encoding ribosomal protein Rpl33 did not affect plant viability and growth under standard conditions. However, when

plants were exposed to low temperature stress, recovery of Rpl33 knockout plants was severely compromised, indicating

that Rpl33 is required for sustaining sufficient plastid translation capacity in the cold. These findings uncover an important

role for plastid translation in plant tolerance to chilling stress.

INTRODUCTION

Plastids (best known in their green differentiation form, the

chloroplasts) have retained a small prokaryotic-type genome

from their cyanobacterial ancestors. The plastid genome (plas-

tome) is identical in all plastid types and occurs at high copy

numbers with up to thousands of genome copies being present

in a single cell. The plastomes of vascular plants display little size

variation and contain a conserved set of ;120 genes (Bock,

2007). Protein biosynthesis in plastids is performed in the stroma

on prokaryotic-type 70S ribosomes (Peled-Zehavi and Danon,

2007). While all RNA components of these ribosomes (the 16S

rRNA of the small ribosomal subunit and the 23S, 5S, and 4.5S

rRNAs of the large subunit) are encoded by the plastid genome,

only a subset of the ribosomal proteins is plastome encoded. In

tobacco (Nicotiana tabacum) and most other higher plants, 12 of

the 25 proteins in the small ribosomal subunit (30S) and nine of

the 33 proteins in the large ribosomal subunit (50S) are encoded

by plastid genes. In addition to these classical ribosomal pro-

teins, plastids also possess a small set of ribosome-associated

proteins that are not found in bacterial 70S ribosomes and

therefore are referred to as plastid-specific ribosomal proteins

(Yamaguchi et al., 2000;Yamaguchi and Subramanian, 2000;

Manuell et al., 2007; Sharma et al., 2007).

Recent work has demonstrated that plastid translation is

essential for cell survival in tobacco plants. Knockout of plastid

translation by plastome transformation resulted in characteristic

phenotypic aberrations (Ahlert et al., 2003; Rogalski et al., 2006).

Somatic segregation of plastid genomes toward homoplasmy of

the knockout (i.e., segregation into cells that lack any residual

wild-type plastome copies) led to cell death, which in turn caused

severe organ deformations. Similar phenotypes were observed

when targeted inactivation of essential plastid-encoded tRNA

genes was attempted (Legen et al., 2007; Rogalski et al., 2008),

supporting the notion that plastid translation is indispensable for

cellular viability in tobacco plants.

Although abolishing plastid protein biosynthesis is lethal, each

individual component of the plastid ribosome may not be es-

sential. Here, we adopted a reverse genetics approach to test

which of several plastid-encoded ribosomal proteins are essen-

tial for survival. We specifically identified and included proteins

that are candidates for not being essential constituents of the

plastid ribosome. Such candidates were identified by two crite-

ria. First, the protein should not be highly connected within the

RNA and protein interaction landscape of the ribosome. Second,

loss of the encoding gene from the plastomes of nonphotosyn-

thetic plastid-containing organisms (such as holoparasitic plants

and apicoplast-containing protozoa; Wilson, 2002; Bungard,

2004) could indicate that the protein is nonessential, at least

under heterotrophic growth conditions. As most plastid genes

are either directly or indirectly involved in supporting photosyn-

thesis (Bock, 2007), it seems conceivable that there would be a

much lower demand for plastid protein biosynthesis in non-

photosynthetic organisms. Thus, somewhat less efficient ribo-

somes could provide sufficient basal translational capacity to

support the few nonphotosynthetic functions of the plastid

genome (e.g., fatty acid biosynthesis, for which a plastome-

encoded acetyl-CoA carboxylase subunit is required; Kode et al.,

2005).

Using these criteria, we selected two ribosomal proteins of the

large subunit (L20 and L33) and one of the small subunit (S2) for

targeted inactivation of their corresponding genes in tobacco

plastids. rpl20 (for ribosomal protein of the large subunit number

20), the gene encoding the ribosomal protein L20 (Rpl20) is
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absent from the plastid genomes of the parasitic protozoans

Eimeria tenella (full genome accession number NC_004823),

Theileria parva (full genome accession number NC_007758), and

Toxoplasma gondii (full genome accession number NC_001799;

Wilson et al., 1996; Wilson and Williamson, 1997; Wilson, 2002).

Likewise, rpl33, the gene for protein L33 (Rpl33) is absent from

the T. gondii plastid genome and from that of the colorless

heterotrophic alga Euglena longa (also known as Astasia longa;

Gockel et al., 1994; full genome accession number NC_002652).

Interestingly, a functional rpl33 gene is also absent from the

plastomes of several phototrophic organisms, such as the

green alga Euglena gracilis (full genome accession number

NC_001603; Hallick et al., 1993) and the common bean (Pha-

seolus vulgaris), where it has degraded into a pseudogene (full

genome accession number NC_009259; Guo et al., 2007). From

the ribosomal proteins of the small subunit, we selected S2

(Rps2) encoded by the plastid rps2 gene (for ribosomal protein of

the small subunit number 2), which is the last protein to as-

semble into the 30S subunit of the Escherichia coli ribosome

(Kaczanowska and Rydén-Aulin, 2007). Furthermore, the rps2

gene is absent from the plastome of the parasitic, nonphotosyn-

thetic green alga, Helicosporidium (full genome accession num-

ber NC_008100; de Koning and Keeling, 2006). As a control for a

presumably essential ribosomal protein, we selected S4 (Rps4),

which directly binds to 16S rRNA and is required early in the 30S

assembly process (Kaczanowska and Rydén-Aulin, 2007).

Here, we report that, while S2, S4, and L20 represent essential

components of the plastid ribosome, L33 is not required for

plastid translation under normal growth conditions. However,

rpl33 knockout plants are severely compromised when exposed

to chilling stress, suggesting that L33 is beneficial under certain

environmental conditions and that plastid translation may be

involved in tolerance to chilling stress.

RESULTS

Targeted Disruption of Four Plastid Ribosomal

Protein Genes

We produced knockout alleles of rpl20, rpl33, rps2, and rps4 and

introduced them into the tobacco plastid genome by biolistic

chloroplast transformation, where they replaced the correspond-

ing wild-type alleles by homologous recombination (Bock and

Khan, 2004;Maliga, 2004). The knockout alleleswere constructed

by subcloning the corresponding regions of the tobacco plastid

DNA and replacing or disrupting the genes for the four ribosomal

proteins with a chimeric selectable marker gene, aadA (Figures

1 to 4). The aadA gene product confers resistance to the amino-

glycoside antibiotics spectinomycin and streptomycin and,

when fused to chloroplast-specific expression signals, serves

as a selectable marker for plastid transformation (Svab and

Maliga, 1993). For each knockout construct, five to six indepen-

dently generated transplastomic lines were selected for further

analyses and designated as Drps2, Drps4, Drpl20, and Drpl33

lines, respectively.

The primary transplastomic lines were subjected to additional

rounds of regeneration and selection to enrich for the transgenic

plastid genome and select against residual wild-type plastomes.

Typically, this procedure results in homoplasmic transplastomic

lines after two to three rounds of selection and regeneration

(Svab and Maliga, 1993; Bock, 2001; Maliga, 2004).

Drps2, Drps4, and Drpl20 Plants Remain Heteroplasmic

To investigate whether several rounds of stringent antibiotic

selection had successfully eliminated all wild-type plastid ge-

nomes, we tested DNA samples from five to six transplastomic

lines per construct by restriction fragment length polymorphism

(RFLP) analyses.

When five Drps4 transplastomic lines were analyzed, all of

them showed novel fragments that were larger than the corre-

sponding restriction fragments in the wild type, suggesting that

they carry the aadA marker gene inserted into the rps4 locus

(Figure 1D). In addition, all lines had a hybridization signal for the

wild-type restriction fragment even after three to four regener-

ation rounds, indicating that a plant cannot regenerate and

survive if the rps4 gene is eliminated from all plastid genomes.

The relative intensities of the hybridization signals for the wild-

type plastome and the transplastome were very similar in all five

transplastomic lines (and in different regeneration rounds; Figure

1D), indicating a balancing selection in which both genome types

must be maintained: the transplastome to provide the spectino-

mycin resistance and the wild-type plastome to provide the

presumably essential S4 protein. A similar stable heteroplasmy

caused by balancing selection was observed previously when

essential plastid genes were targeted in knockout experiments

(Drescher et al., 2000; Rogalski et al., 2006, 2008).

Interestingly, in our RFLP analyses, two of the five trans-

plastomic lines displayed a 2.5-kb band instead of the expected

2.8-kb fragment (Figures 1B and 1D). This band is the result of

recombination between the (psbA-derived) 39 untranslated re-

gion (UTR) of the aadA gene and that of the endogenous

psbA gene, a phenomenon that has been reported previously

(Rogalski et al., 2006). PCR analysis confirmed that recombina-

tion was the cause of the 2.5-kb hybridization signal (Figure 1C;

see Supplemental Figure 1 online).

Attempts to knockout essential plastid genes result in char-

acteristic phenotypes (Shikanai et al., 2001; Kode et al., 2005;

Rogalski et al., 2006, 2008). When grown in soil, these plants

frequently display aberrant leaf morphologies with large sectors

of the leaf blade missing. This is because random segregation of

plastid genomes regularly produces homoplasmic knockout

cells, and, since these cells do not survive, the resulting lack of

entire cell lineages during leaf development produces severely

misshapen leaves (Shikanai et al., 2001; Kode et al., 2005;

Rogalski et al., 2006, 2008). When Drps4 transplastomic lines

were grown in the greenhouse, we frequently noticed these

typical phenotypic aberrations (Figure 1D), ultimately confirming

that rps4 is essential for plastid translation and ribosome func-

tion.

We had expected rps4 to be essential, because the S4 protein

is required early in the assembly process of the 30S ribosomal

subunit and directly binds to the 16S rRNA (Kaczanowska and

Rydén-Aulin, 2007). We next analyzed the Drps2 and Drpl20

transplastomic lines (Figures 2 and 3). Both of these genes were
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Figure 1. Targeted Inactivation of the rps4 Gene Encoding Plastid Ribosomal Protein S4.

(A) Physical map of the region in the tobacco plastid genome (ptDNA; Shinozaki et al., 1986) containing the rps4 gene. Genes above the lines are

transcribed from the left to the right; genes below the lines are transcribed in the opposite direction. Filled boxes represent genes and open reading

frames (orf).

(B) Map of the transformed plastid genome region produced with plastid transformation vector pDrps4. The chloroplast targeting fragment in the

transformation vector is marked by dashed lines (XhoI/EcoRI fragment). The selectable marker gene aadA is driven by the rRNA operon-derived

chimeric Prrn promoter (Svab and Maliga, 1993) and fused to the 39UTR from the plastid psbA gene (TpsbA; open boxes). Restriction sites used for

cloning, RFLP analysis, and/or generation of hybridization probes are indicated. Sites lost due to ligation to heterologous ends are shown in

parentheses.

(C)Map of the recombination product arising from homologous recombination between the psbA 39UTR of the chimeric aadA gene and the 39UTR of the

endogenous psbA gene. PCR primers used to confirm recombination are indicated (arrows; PCR products are presented in Supplemental Figure

1 online). The hybridization probe (ApaI/EcoRI fragment) is marked by a horizontal bar, and the expected sizes of hybridizing bands in the RFLP analysis

are shown below each map.

(D) RFLP analysis of plastid transformants. All lines are heteroplasmic and show the 1.9-kb wild-type–specific hybridization band. Recombination has

occurred in lines 13A and 6A. DNA samples from individual transplastomic lines were isolated after three or four regeneration rounds. A and B designate

individual plants regenerated from a given transplastomic line.

(E) Phenotype of a typical Drps4 transplastomic plant;4 weeks after transfer from sterile culture to the greenhouse. Arrows point to misshapen leaves.



also shown to be essential, as evidenced by stable heteroplasmy

in DNA gel blot hybridizations (Figures 2D and 3D) and the leaf

deformations typically seen in knockout transformants for es-

sential plastid genes (Figures 2E and 3E). This indicates that, in

spite of the loss of the rpl20 and rps2 genes from the plastomes

of some plastid-containing unicellular eukaryotes and despite

the late incorporation of S2 into the S30 subunit, both Rpl20 and

Rps2 are indispensable for ribosome function in higher plant

plastids.

Rpl33 Is a Nonessential Plastid Ribosomal Protein

We next analyzed the Drpl33 transplastomic lines. DNA gel blot

analysis of DNA from six independently generated Drpl33 lines

that had undergone three rounds of regeneration did not produce

a hybridization signal for the wild-type genome (Figure 4C). This

tentatively suggested that all wild-type plastomes had success-

fully been eliminated from these lines. Homoplasmy of the rpl33

knockout plastome indicates that, in contrast with the other three

genes evaluated, rpl33 is not essential for cell survival and,

hence, probably not required for maintenance of plastid trans-

lation.

To confirm that we had succeeded in producing an rpl33

knockout by targeted inactivation, we amplified both borders of

the insertion site of the aadAmarker (Figures 4A, 4B, and 4D). The

PCR data verified the successful deletion of rpl33 from the

plastid genome and its replacement with the selection marker

aadA by homologous recombination (Figure 4D).

Figure 2. Targeted Inactivation of the rps2 Gene Encoding Plastid Ribosomal Protein S2.

(A) Physical map of the region in the tobacco plastome (ptDNA) containing rps2. Transcriptional orientations and labeling of restriction sites, vector

sequences, primers, hybridization probes, and hybridizing fragments are as in Figure 1.

(B) Map of the relevant region of the transformed plastid genome produced with plastid transformation vector pDrps2.

(C) Map of the recombination product.

(D) RFLP analysis of plastid transformants. All lines are heteroplasmic, as indicated by the presence of the 3.8-kb wild-type–specific hybridization

signal. Recombination has occurred in lines 9B, 14A, 8A, 7A, and 10A (see Supplemental Figure 1 online).

(E) Phenotype of a representative Drps2 transplastomic plant. Arrows point to deformed leaves.
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Finally, wewanted to obtain genetic confirmation that the rpl33

knockout was homoplasmic. We thus performed inheritance

tests, which are the most sensitive means of assessing homo-

plasmy versus heteroplasmy (Svab and Maliga, 1993; Bock,

2001). As controls, we included wild-type seed samples and

seeds from the heteroplasmic Drps2, Drps4, and Drpl20 lines

(Figure 5). As expected, transmission of the rps2, rps4, and rpl20

knockout alleles into the T1 generation (obtained by selfing of

regenerated transplastomic plants) turned out to be very low

(Figures 5C to 5E), indicating that the knockout allele is strongly

selected against, and, in the absence of spectinomycin selec-

tion, the knockout plastome is quickly lost and displaced by

wild-type genome copies. The cotyledons of the few surviving

seedlings were usually variegated, suggesting that the seedlings

are heteroplasmic and contain sectors with wild-type chloro-

plasts only, which bleach out in the presence of the antibiotic

Figure 3. Targeted Inactivation of the rpl20 Gene Encoding Plastid Ribosomal Protein L20.

(A) Physical map of the region in the tobacco plastid DNA (ptDNA) containing rpl20. Transcriptional orientations and labeling of restriction sites, vector

sequences, primers, hybridization probes, and hybridizing fragments are as in Figure 1.

(B) Map of the transformed region of the plastid genome produced with plastid transformation vector pDrpl20.

(C) Map of the recombination product.

(D) RFLP analysis of plastid transformants. All lines are heteroplasmic, as evident from the presence of the 3.4-kb hybridization signal diagnostic of the

wild-type plastome. Recombination has occurred in line 4A and, to a limited extent, also in lines 14A and 15A (see Supplemental Figure 1 online).

(E) Phenotype of a representative Drpl20 transplastomic plant. Arrows point to phenotypically abnormal leaves lacking sectors of the leaf blade.
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(Figures 5C to 5E). By contrast, germination of seeds fromDrpl33

lines on spectinomycin-containing medium yielded a uniform

population of homogeneously green seedlings (Figure 5F). This

lack of phenotypic segregation in the T1 generation provides

strong additional evidence of homoplasmy and genetic stability

of the rpl33 knockout lines.

L33 Is Not Required for Efficient Translation under

Standard Conditions

Having successfully generated homoplasmic rpl33 deletion

lines, we were interested in assessing the phenotypic conse-

quences of losing the L33 protein from plastid ribosomes.

Surprisingly, whenDrpl33 transplastomic lineswere grown under

standard greenhouse conditions, they showed no visible phe-

notype during any stage of development (Figure 6). Plant growth

rates, development, and onset of floweringwere identical towild-

type plants (Figure 6C), indicating that L33 is dispensable under

standard growth conditions.

To confirm that plastid translation proceeds faithfully in the

absence of the L33 protein, we conducted polysome loading

analyses (Figure 7). These assays measure the coverage of

mRNAs with ribosomes and, in this way, represent a measure of

translational activity (Barkan, 1988, 1998). When we compared

ribosome association of four plastid transcripts (psbA, encoding

the D1 protein of photosystem II; rbcL, encoding the large

subunit of ribulose-1,5-bis-phosphate carboxylase/oxygenase;

the dicistronic psaA/B mRNA, encoding the two reaction center

proteins of photosystem I; and the psbE operon transcript, a

tetracistronic mRNA encoding four small subunits of photosys-

tem II) in polysome preparations from wild-type and mutant

plants, no strong difference in ribosome loading was detected

Figure 4. Targeted Inactivation of the rpl33 Gene Encoding Plastid Ribosomal Protein L33.

(A) Physical map of the region in the tobacco plastome (ptDNA) containing rpl33. Transcriptional orientations and labeling of restriction sites, vector

sequences, primers, hybridization probes, and hybridizing fragments are as in Figure 1.

(B) Map of the transformed plastid genome produced with plastid transformation vector pDrpl33.

(C) RFLP analysis of plastid transformants. Absence of the wild-type–specific 3.5-kb hybridization signal from all Drpl33 lines indicates homoplasmy of

the rpl33 deletion.

(D)Confirmation of the rpl33 knockout by PCR. Amplification with primer pair P59rpl33 and PaadA136 produces the expected 235-bp PCR product in all

transplastomic lines (top panel). Likewise, PCR with primer pair PaadA25 and P39rpl33 yields the expected 368-bp amplification product (bottom

panel). C, buffer control.
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(Figure 7) in that the polysome profiles (i.e., the mRNA distribu-

tion across the sucrose density gradient) were very similar. This

provides further evidence that L33 lacks an important function in

the ribosome under standard growth conditions and is consis-

tent with the normal appearance of the Drpl33 knockout lines

(Figure 6). However, we reproducibly detected subtle differences

between polysomal profiles in the wild type and in the mutant.

For example, fraction 3 of the wild type contained the most psbE

mRNA, as opposed to fraction 2 of the mutant. Similarly, the

psaA/BmRNA peaks in fraction 5 of the wild type but in fraction 4

of themutant. Furthermore, the rbcLmRNAdistribution is slightly

shifted toward the upper gradient fractions in the mutant (Figure

7). This may suggest that ribosome loading of mRNAs in the

Drpl33 mutant is slightly less intense than in the wild type.

We have considered the possibility that a copy of the rpl33

gene was transferred to the nucleus, became functional there,

and, in this way, made the plastid rpl33 gene dispensable

(Timmis et al., 2004; Bock, 2006). To exclude this possibility,

we purified ribosomes from both wild-type tobacco plants and

theDrpl33 knockout. The proteins of the purified ribosomeswere

then separated in denaturing polyacrylamide gels, and all pro-

teins with a molecular mass of between 5 and 22 kD were

subjected to ribosomal protein identification by mass

Figure 5. Seed Assays Assessing Homoplasmy versus Heteroplasmy of

Transplastomic Lines.

(A) Wild-type control on medium without spectinomycin.

(B) Wild-type control on medium with spectinomycin.

(C) Seeds from a Drps4 transplastomic line on spectinomycin-containing

medium. Spectinomycin-resistant seedlings (black arrows) are green or

green-white variegated.

(D) Seeds from a Drps2 transplastomic line on spectinomycin-containing

medium.

(E) Seeds from a Drpl20 transplastomic line on spectinomycin-containing

medium. The rare appearance of spectinomycin-resistant seedlings in

Drps4, Drps2, and Drpl20 lines indicates that, in the absence of antibiotic

selection, the transgenic plastid genome is rapidly lost after transfer from

antibiotic-containing synthetic medium to soil.

(F) Seeds from a Drpl33 transplastomic line on spectinomycin-containing

medium. All seedlings are green, which confirms that the rpl33 knockout

is homoplasmic. Figure 6. Phenotype of Drpl33 Plants at Different Stages of Develop-

ment.

(A) Wild-type seedlings.

(B) Drpl33 seedlings.

(C) A wild-type plant (left) and two Drpl33 knockout plants (center and

right) at the onset of flowering.
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spectrometry. In this analysis, most ribosomal proteins with

theoretical molecular masses between 5 and 22 kD were

detected in both the wild type and the mutant, including 14

proteins of the small subunit (S6, S8, S10, S11, S12, S13, S14,

S15, S16, S17, S18, S19, S20, and PSRP4) and 17 proteins of the

large subunit (L9, L12, L14, L16, L17, L18, L22, L23, L27, L28,

L29, L31, L32, L34, L35, L36, and PSRP6). While the L33 protein

could be readily detected in ribosomes from thewild type (emPAI

index: 5.35; Ishihama et al., 2005), no L33 was identifiable in

ribosomes from the Drpl33 knockout (see Supplemental Table

1 online), suggesting that the ribosomes in themutant are indeed

able to function without an L33 protein.

L33 Is Important for Recovery from Chilling Stress

As the plastid genome–encoded set of ribosomal proteins is

highly conserved in higher plants (Bock, 2007), the finding that

the L33 protein is altogether dispensable for chloroplast trans-

lation was unexpected. We suspected that, although L33 is

apparently not needed under standard growth conditions, it may

become functionally relevant under specific conditions. There-

fore, we tested a variety of different growth conditions, including

a wide range of light and temperature conditions. Neither ex-

treme low light nor high light (with tested light intensities ranging

from 50 to 1100 mmol m22 s21) had any discernable effect on

either growth rate or development of the Drpl33 knockout lines.

As plastid ribosomes are known to be sensitive to heat stress

(Feierabend, 1992; Falk et al., 1993), we compared the tolerance

of wild-type and mutant plants to high-temperature stress of up

to 378C. However, no difference in phenotype or growth rates

was observed, suggesting that L33 may not be involved in the

stability of the plastid ribosome at elevated temperatures.

A recent study suggested that chilling stress interferes with

protein biosynthesis in plastids by causing ribosome pausing

and thereby delaying translation elongation (Grennan and Ort,

2007). To test whether L33 is involved in maintaining sufficient

levels of chloroplast translation in the cold, we exposedwild-type

plants andDrpl33 knockout plants to continuous chilling stress of

48C for 5 weeks. A period of 5 weeks had been determined as the

optimum duration of the chilling stress treatment for tobacco,

which we found to be significantly less sensitive to cold than, for

example, Arabidopsis thaliana. Both wild-type andmutant plants

showed a progressive loss of pigments in the cold but did not

differ markedly from each other. However, after transferring the

plants back to normal growth conditions, recovery of the Drpl33

mutant plants from cold stress was severely compromised.

While wild-type plants showed only mild stress symptoms and

recovered quickly (Figures 8A and 8C), Drpl33 knockout plants

displayed strong symptoms of photooxidative damage and

recovered much slower (Figures 8B and 8D). Although the

mutant plants could eventually fully recover and continued to

grow, their growth and development remained delayed com-

pared with those of the wild type (Figure 8E).

Photosynthesis in Drpl33 Knockout Plants

Most plastid-genome encoded genes are involved in either

photosynthesis or gene expression (Wakasugi et al., 2001;

Bock, 2007). To explore the basis for the observed chilling-

sensitive phenotype, we measured photosynthetic performance

in wild-type plants and the Drpl33 knockout mutant. The accu-

mulation of the protein complexes of the photosynthetic electron

transport chain can be precisely quantified using sensitive spec-

troscopicmethods (Schöttler et al., 2007a); thus, the efficiency of

photosynthetic electron transport can serve as a more sensitive

indicator of plastid translational efficiency than polysome loading

analysis. No significant differences in photosynthetic complex

accumulationwere detected betweenmature leaves of wild-type

and L33 mutant plants grown under standard conditions (Table

1). The Drpl33 knockout mutant exhibited a slightly lower chlo-

rophyll a/b ratio than the wild type, which, however, does not

translate into a significant reduction in photosynthetic perfor-

mance (Table 1, Figure 6).

Recent genetic analysis has established that efficient chloro-

plast translation is particularly important in young developing

leaves (Albrecht et al., 2006; Rogalski et al., 2008). We therefore

also measured photosynthesis in young expanding leaves of

the wild type and the Drpl33 knockout mutant. Interestingly, we

Figure 7. Polysome Loading Analysis to Assess Translational Activity in

Drpl33 Plants.

Polysome profiles are shown for four chloroplast transcripts: psbA, psbE,

psaA/B, and rbcL. Polysome association of mRNAs was determined by

fractionating the sucrose gradient in six fractions (numbered from top to

bottom). Wild-type plants, Drpl33 plants, and a wild-type control (labeled

Puromycin), in which the polysomes were dissociated by treatment with

the antibiotic puromycin, were analyzed. The horizontal arrows indicate

the gradient fractionation from the top to the bottom. An ethidium

bromide–stained agarose gel prior to blotting is shown at the bottom.
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observed differences between the photosynthetic parameters of

young expanding leaves of thewild type and themutant (Table 1).

The chlorophyll content per leaf area and the quantum yield of

dark adapted photosystem II (Fv/Fm, the ratio of variable to

maximum fluorescence), a measure of photosystem II (PSII)

integrity, are significantly reduced in the Drpl33 knockout plants

(Table 1). Also, the plastocyanin (PC) content relative to photo-

system I (PSI) is elevated in the Drpl33 knockout, as determined

by difference absorption spectroscopy. The latter observation is

most readily explained by a reduction in PSI content per leaf area

in the Drpl33 knockout, presumably due to less efficient synthe-

sis of the chloroplast-encoded components of the photosyn-

thetic apparatus. As PC is encoded in the nuclear genome, its

accumulation is not affected by the absence of the L33 protein.

Since the leaf chlorophyll content is 25% lower in young

expanding leaves of the Drpl33 knockout than of the wild type

(Table 1), it can be assumed that PSI is reduced to;70%of wild-

type levels on a leaf area basis (DI/I normalized to chlorophyll

contents; Table 1). The increase in the PC:P700 ratio to 140% of

wild-type levels (Table 1) therefore indicates that the absolute PC

contents per leaf area are unaltered and the increased PC:P700

ratio is solely attributable to reduced PSI contents per leaf area in

the mutant.

The reduced quantum yield of PSII and the reduced amounts

of PSI in young expanding leaves of Drpl33 knockout plants

provide an explanation for the chilling-sensitive phenotype. Cold

stress induces irreversible photoinhibitory damage to PSI due to

oxidative destruction of iron-sulfur clusters at the PSI acceptor

side (Kudoh and Sonoike, 2002; Scheller and Haldrup, 2005).

Thus, the reduced amounts of PSI caused by the reduction in

Figure 8. Development of Wild-Type and Drpl33 Plants during Recovery from Cold Stress.

(A) and (B) A wild-type plant (A) and a Drpl33 plant (B) grown for 5 d under normal growth conditions in the greenhouse after chilling stress.

(C) and (D) Wild-type (C) and Drpl33 plants (D) after 10 d in the greenhouse. Note that the leaves at the base of the Drpl33 plants are yellow.

(E) A wild-type plant (left) and two Drpl33 knockout plants (center and right) after 25 d of growth in the greenhouse. Although the mutant plants have now

fully recovered, their growth has been delayed.
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translational capacity in developing leaves of the mutant are

most likely responsible for the observed photooxidative damage

during recovery from chilling (Figures 8B and 8D). Consistent

with this interpretation, photooxidative damagewasmost severe

in those leaves that were youngest during incubation in the cold

(e.g., themiddle leaf pair in Figure 8B). As PSII is known to require

particularly high levels of protein biosynthesis (due to the con-

stant requirement for repair synthesis of the D1 protein; Kanervo

et al., 2007), it is conceivable that PSII also contributes to the

developmentof themutantphenotypeafter coldstress (Nishiyama

et al., 2001; Grennan andOrt, 2007). This interpretationwould also

be consistent with the reduced Fv/Fm value measured in the

knockout mutant (Table 1).

Photosynthesis under Chilling Stress

To explore the physiological basis of the observed chilling

sensitivity of the Drpl33 knockout plants in greater detail, we

followed key photosynthetic parameters over time in cold stress

experiments (Figure 9). In spite of the subtle differences in

photosynthetic parameters measurable between young wild-

type and Drpl33 leaves (Table 1), these chilling stress measure-

ments had to be performed on young leaves because mature

leaves are irreversibly damaged by chilling and die within a few

days after transfer back to standard conditions. This explains the

slightly lower Fv/Fm values and chlorophyll content of the knock-

out mutant compared with the wild type at the beginning of the

cold treatment (Figure 9). During the cold stress period, leaf

development was arrested and no expansion of the young leaves

was observed in either the wild type or the knockout. Interest-

ingly, while leaf chlorophyll content declined in both the wild type

and the Drpl33 mutant (Figure 9A), photodamage to PSII (as

deduced from the Fv/Fm values; Figure 9B) and loss of redox-

active PSI (as deduced from the contents of the PSI reaction

center chlorophyll P700; Figure 9C) were more pronounced in the

knockout during the stress treatment. After 5 weeks of chilling

stress, PSII was virtually destroyed in the mutant and PSI

contents had declined to half of the wild-type amounts (Figures

9B and 9C). This is also reflected by the drastic increase of PC

contents relative to PSI (Figure 9D), which is due to (1) PC not

being a direct target of chilling stress and (2) PC not being

encoded in the chloroplast genome, making it the only protein

component of the photosynthetic electron transport chain that is

not affected by impaired plastid translation (Figure 9D). After

transfer of the plants to recovery conditions, PSII and PSI started

to recover (in that their contents per chlorophyll increased) within

2 d in both the wild type and the knockout mutant, as seen from

the increase in Fv/Fm and the elevated amounts of redox-active

PSI per chlorophyll. In the wild type, this recovery is due to both

degradation of damaged complexes and initiation of de novo

biogenesis of PSI and PSII. Fast initiation of de novo biogenesis

of photosystems is evidenced by an increase in chlorophyll

content commencing immediately after the end of the stress

treatment (Figure 9A). By contrast, in the Drpl33 mutant, the

increase in PSII efficiency and photoactive PSI per chlorophyll is

mainly attributable to the degradation of damaged complexes,

as evidenced by the further decrease in leaf chlorophyll contents

observed after the end of the cold stress period (Figure 9A). This

is consistent with published data demonstrating that themajority

of damaged PSI is not degraded during the actual cold stress

phase. Instead, both degradation of damaged PSI and de novo

biogenesis of PSI predominantly occur during the early phase of

recovery (Zhang and Scheller, 2004). Therefore, the drop in the

chlorophyll content in the Drpl33 mutant after transfer back to

Table 1. Functional Organization of the Photosynthetic Apparatus in Wild-Type Tobacco and in Drpl33 Plants

Parameter

Wild Type

(Mature Leaf)a
Drpl33

(Mature Leaf)a
Wild Type

(Young Expanding Leaf)b
Drpl33

(Young Expanding Leaf)b

Chlorophyll content (mg m�2) 266.1 6 14.1 250.5 6 13.9 223.5 6 7.9 171.5 6 12.4

Chlorophyll a/b 3.80 6 0.04 3.41 6 0.03 3.79 6 0.11 3.35 6 0.09

Fv/Fmc 0.81 6 0.00 0.78 6 0.01 0.79 6 0.01 0.65 6 0.04

Assimilation

(mmol CO2 m�2 s�1)

23.9 6 1.4 20.6 6 1.0 – –

PSII

[mmoles (mol chlorophyll)�1]

2.22 6 0.17 2.08 6 0.08 – –

Cytochrome bf complex

[mmoles (mol chlorophyll)�1]

1.09 6 0.04 1.02 6 0.04 – –

PC/PSId 3.09 6 0.14 3.65 6 0.28 3.55 6 0.35 4.90 6 0.90

PSI

[mmoles (mol chlorophyll)�1]

2.26 6 0.03 2.22 6 0.02 – –

P700 (leaf)

[DI/I 3 10�3 (mg chlorophyll)�1]e
47.3 6 0.1 43.0 6 1.6 39.0 6 1.9 33.8 6 5.1

a Measurements were performed on mature leaves (length > 10 cm).
b Measurements were performed on young expanding leaves (length < 5 cm). Due to the small leaf sizes of expanding leaves, no thylakoids could be

isolated, so that exact quantifications of the photosynthetic complexes were only performed on mature leaves.
c Fv, variable fluorescence; Fm, maximum fluorescence.
d The PC contents relative to P700 were measured in vivo on intact leaves.
e The transmission changes (DI/I) of P700 measured on intact leaves can be used as an indirect measure of PSI content per chlorophyll, assuming that

leaf architecture and, thus, length of the optical path within the leaves is comparable for wild-type and knockout plants.
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standard growth conditions (Figure 9A) indicates that (1) more

degradation of damaged PSI and PSII occurs than in the wild

type and (2) the capacity for de novo biogenesis in the mutant is

insufficient to compensate for the degradation of defective

photosystems. Enhanced cold-induced photooxidative damage

to both photosystems in the Drpl33 mutant was additionally

confirmed by immunoblot analysis (Figure 9E). While PetA, the

cytochrome f subunit of the cytochrome b6f complex, was

unaffected by cold stress in both the wild type and the mutants,

the amounts of the PSII subunit PsbD and the PSI subunit PsaB

declined under cold stress, and this decline was significantly

more pronounced in Drpl33 mutant plants than in wild-type

plants (Figure 9E). Taken together, these data indicate that, in the

absence of the L33 protein, chloroplast protein biosynthesis

capacity is insufficient to counterbalance photooxidative dam-

age to the photosystems in the cold. This explains the delayed

recovery of the photosynthetic apparatus from chilling stress,

the chilling-sensitive bleached phenotype of the Drpl33 plants,

and the postponed reinitiation of growth in the mutant (Figures 8

and 9).

Photosynthesis under Light Stress

Finally, we wanted to test whether or not other stress conditions

that cause a high demand for plastid protein biosynthesis would

result in similar effects on PSI and PSII activities in the Drpl33

mutant plants. To this end, we shifted wild-type and mutant

plants to high-light conditions (1000 mmol m22 s21) and followed

PSII and PSI activities by spectroscopic measurements (Figure

10). This analysis revealed no significant difference between the

wild-type andDrpl33mutant plants (Figure 10) andwas therefore

consistent with our phenotypic assay under high-light condi-

tions. Likewise, no difference was observed between the wild

Figure 9. Physiological Analysis of Wild-Type and Drpl33 Plants during

Chilling Stress and the Subsequent Recovery Phase.

Young plants were exposed to cold stress at 48C for 35 d and then

transferred back to standard conditions. Recovery from the stress was

followed for 15 d. The end of cold stress was set to day 0. Data represent

the means of three wild-type plants and six mutant plants, respectively.

The error bars indicate SD. Open circles, Drpl33 plants; closed circles,

wild-type plants.

(A) Chlorophyll content.

(B) Quantum yield of dark-adapted PSII (Fv/Fm).

(C) PSI content determined as the content of the reaction center

chlorophyll P700 (normalized to leaf chlorophyll contents).

(D) Ratio of the concentration of the soluble electron carrier PC to the

concentration of P700. While PC content remains relatively stable, P700

content decreases in the mutant at the end of the stress phase, resulting

in an increase in the PC:P700 ratio.

(E) Assessment of cold stress–induced photooxidative damage to the

photosystems by immunoblotting. Specific antibodies against diagnostic

subunits of PSII (PsbD), the cytochrome b6f complex (PetA), and PSI

(PsaB) were used to determine complex accumulation in the wild type

and two independently generated Drpl33 lines prior to the stress treat-

ment (unstressed control), after 5 weeks of cold stress at 48C and after a

2-d recovery period. Protein loading was normalized to leaf chlorophyll

contents. Note that, while the spectroscopic measurements ([B] to [D])

determine photosynthetic complex activities, the immunoblot analyses

determine complex accumulation, two parameters that do not always

strictly correlate.
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type and the Drpl33 mutant when plants were exposed to acute

high-light stress (for 1 h at 2000 mmol m22 s21) followed by

analysis of the relaxation kinetics of nonphotochemical quench-

ing (Krause andWeis, 1991). The contribution of qI, a measure of

PSII photoinhibition, to the nonphotochemical quenching was

not significantly different under acute high-light stress between

the wild type (qI = 0.43) and the Drpl33 mutant (qI = 0.45).

DISCUSSION

In this work, we have taken a reverse genetics approach to

assess the functions of plastid-encoded ribosomal proteins that

are not strictly conserved across all lineages of evolution. Lack of

phylogenetic conservation can have two possible causes: (1) the

gene has been lost because it is functionally dispensable, or (2)

the gene has been transferred from the plastid genome to the

nuclear genome. Although the absence of the plastid genes for

the ribosomal proteins tested here (rps2, rps4, rpl20, and rpl33)

from some lineages of evolution often correlated with loss of

photosynthesis and transition to either heterotrophic or parasitic

lifestyles, our data reveal that there is probably no direct causal

relationship between the loss of photosynthesis, the concomi-

tantly reduced demand for plastid translational capacity and the

loss of these ribosomal protein genes from the plastid genome.

Instead, the indispensable nature of rps2 and rpl20may suggest

that these genes have been transferred to the nuclear genome in

those lineages where they are not present in the plastid genome

(Timmis et al., 2004; Bock, 2006; Bock and Timmis, 2008).

In addition to components of the translational machinery

(Rogalski et al., 2006, 2008; Legen et al., 2007), several other

genes of the plastid genome are known to be essential for cell

viability in tobacco. These include ycf1 and ycf2 (two large

hypothetical chloroplast open reading frames of unknown func-

tion; Drescher et al., 2000), clpP (encoding the proteolytic P sub-

unit of the caseinolytic ATP-dependent protease Clp; Shikanai

et al., 2001), and accD (encoding the D subunit of the plastid

acetyl-CoAcarboxylase; Kode et al., 2005). By contrast, all genes

encoding components of the photosynthetic apparatus are dis-

pensable, at least under heterotrophic growth conditions (Ruf

et al., 1997; Hager et al., 1999). Similarly, all the subunits of the

plastid-encoded RNA polymerase are dispensable (Allison et al.,

1996). This is because a second transcriptional activity in plastids

comes from at least one nuclear-encoded bacteriophage-type

RNA polymerase (Liere and Börner, 2007).

Among the four ribosomal protein genes targeted by reverse

genetics in this study, only rpl33 was found to be nonessential.

Comparative mass spectrometric identification of ribosomal

proteins revealed that this finding cannot be explained by trans-

fer of a functional gene copy to the nuclear genome. Surprisingly,

rpl33 knockout plants displayed no discernable phenotype un-

der standard growth conditions and a variety of different light

regimes tested (Figures 6 and 10). Although subtle shifts in the

polysome profiles were seen (Figure 7) and a reduction in

photosynthetic protein complex accumulation in young devel-

oping leaves was measured (Table 1), this did not translate into a

noticeable effect on growth of either Drpl33 mutant seedlings or

mature plants (Figure 6). The only experimental condition that

elicited a strong phenotypic effect was chilling stress at 48C,
suggesting that the lack of the chloroplast L33 protein renders

plants sensitive to chilling. It is noteworthy in this respect that

rpl33 loss-of-function mutants found in E. coli (Sims and Wild,

1976; Butler and Wild, 1984; Maguire and Wild, 1997) also

Figure 10. Physiological Analysis of Wild-Type and Drpl33 Plants during

High-Light Treatment and the Subsequent Recovery Phase.

Young plants were exposed to high-light treatment at 1000 mmol m�2 s�1

for 7 d (168 h) and then transferred back to standard conditions (standard

light; 250 mmol m�2 s�1). Data represent the means of three wild-type

plants and six mutant plants. Error bars indicate SD. Open circles, Drpl33

plants; closed circles, wild-type plants.

(A) Chlorophyll content.

(B) Quantum yield of dark-adapted PSII (Fv/Fm).

(C) PSI content determined as the content of the reaction center

chlorophyll P700 (normalized to leaf chlorophyll contents).

(D)Ratio of the concentrations of the soluble electron carrier PC and P700.
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displayed a cold-sensitive phenotype (Dabbs, 1991), suggesting

that the cold stress–related function of L33 in translation has

been evolutionarily conserved. However, E. coli rpl33 null mu-

tants showed no measurable effect on translation in cells grow-

ing exponentially under normal conditions (Sims and Wild, 1976;

Butler andWild, 1984;Maguire andWild, 1997), which is different

from the situation in plants, where young expanding leaves show

slightly reduced protein synthesis rates, as evidenced by a

slightly delayed biogenesis of the photosynthetic complexes

(Table 1). While this effect is phenotypically irrelevant under

standard growth conditions, it becomes significant under cold

stress conditions (Figure 8). Together with the subtle changes

detectable in the polysome profiles (Figure 7), this suggests that

the lack of the L33 protein may manifest itself under conditions

where the maximum translational capacity of the plastid is

needed, such as during reinitiation of protein biosynthesis after

cold-induced photooxidative damage.

Our finding that a chloroplast genome-encoded gene is in-

volved in plant tolerance to low-temperature stress is surprising.

All previously reported chilling-sensitive mutants exhibited

Mendelian inheritance of the mutated locus (e.g., Provart et al.,

2003), demonstrating that the affected gene resides in the

nuclear genome. Interestingly, one of the previously isolated

nuclear chilling-sensitive mutants in Arabidopsis (chs1) dis-

played reduced chloroplast protein accumulation in the cold

(Schneider et al., 1995), lending circumstantial support to a link

between chloroplast translation and chilling tolerance. It is also

noteworthy in this respect that several nuclear mutants in maize

(Zea mays), such as hcf7 (for high chlorophyll fluorescence

mutant7) and the virescent mutant v16 exhibited defects in

chloroplast translation that becamemuch more severe when the

growth temperature was shifted from 258 to 208C or 178C
(Hopkins and Elfman, 1984; Barkan, 1993).

The involvement of a chloroplast gene in plant survival under

cold stress conditions illustrates a limitation of the forward

genetics approaches that are usually taken to isolate stress-

hypersensitive mutants. Although some chemicals (such as

N-nitroso-N-methylurea) are known to induce mutations in plas-

tid genomes, neither the generally used chemical mutagen ethyl

methanesulfonate nor T-DNA insertional mutagenesis are suit-

able to induce mutations in organellar genes, leaving the poten-

tial contributions of plastid and mitochondrial gene products to

stress biology unrecognized.

The high-resolution structure of the large ribosomal subunit of

the eubacterial ribosome revealed that the L33 protein forms part

of the E site (exit site) of the ribosome (Harms et al., 2001). The E

site accommodates the deacylated tRNA and represents the

position where the tRNA resides before it leaves the ribosome. It

seems conceivable that lack of the L33 protein causes a slightly

reduced efficiency of discharged tRNA release from the ribo-

some. Such a delay in ejection of deacylated tRNAs would also

explain the slightly lower mRNA coverage with ribosomes ob-

served in our rpl33 knockout plants (Figure 7) because it would

be expected to have a direct impact on the rate of translation

elongation.

Interestingly, the rpl33 gene has degraded into a pseudogene

in the plastid genome of the common bean P. vulgaris (Guo et al.,

2007). It is noteworthy in this respect that, compared with other

legume species, Phaseolus is exceptionally chilling sensitive

(Wolfe, 1991). It is thus tempting to speculate that the evolution-

ary degradation of the nonessential chloroplast rpl33 gene is

causally responsible for the high chilling sensitivity of P. vulgaris.

Although, due to technical reasons, transformation of the chlo-

roplast genome is not yet feasible in P. vulgaris, restoration of an

intact rpl33 gene may be a valid future strategy to engineer

chilling tolerance in this important food crop.

In summary, our data suggest that plastid protein biosynthesis

capacity represents a crucial factor in plant cold stress tolerance

and implicate the chloroplast and plastid genome-encoded

genes in plant fitness and survival at low temperatures.

METHODS

Plant Material, Growth Conditions, and Phenotype Assays

Tobacco plants (Nicotiana tabacum cv Petit Havana) were grown under

aseptic conditions on agar-solidified Murashige and Skoog medium

containing 30 g/L sucrose (Murashige and Skoog, 1962). Transplastomic

lines were rooted and propagated on the same medium. For seed

production and analysis of plant phenotypes, rps2, rps4, rpl20, and

rpl33 knockout plants were grown in soil under standard greenhouse

conditions. Inheritance and seedling phenotypes were analyzed by

germination of surface-sterilized seeds onMurashige and Skoogmedium

containing 500 mg/L spectinomycin.

Growth tests under different light conditions were performed by raising

wild-type andmutant plants from seeds in soil at 268C under the following

light intensities: 50, 200, 600, and 1100 mmol m22 s21. Heat stress

tolerance was assayed by germinating seeds in soil at 268C followed by

transfer to 378C at 55 mmol m22 s21. To assess chilling tolerance, seeds

were germinated in soil at 268Cand transferred to 48Cafter 15 d of growth,

where they were cultivated for 5 weeks at 50 mmol m22 s21.

Construction of Plastid Transformation Vectors

The region of the tobacco plastid genome containing the rps2 gene

(Shinozaki et al., 1986; Figure 2) was isolated as a 3.0-kb XhoI/SpeI

fragment and cloned into the similarly digested vector pUC18. To

produce the transformation vector pDrps2, most of the rps2 coding

regionwas deleted using the restriction enzymes EcoRI andKasI followed

by a fill-in reaction with the Klenow fragment of DNA polymerase I from

Escherichia coli. Finally, the aadA cassette (Svab and Maliga, 1993) was

inserted into the rps2 deletion site as an Ecl136II/DraI fragment.

The rps4 gene was isolated from the plastid genome in a 2.7-kb EcoRI/

XhoI fragment. This fragment was cloned into the pBS KS+ vector using

the same restriction enzymes. Subsequently, the rps4 gene was partially

deleted using the restriction enzymes HpaI and PpuMI (Figure 1). The

overhanging ends produced by PpuMI were blunted using the Klenow

fragment of DNA polymerase I. The final transformation plasmid pDrps4

was obtained by insertion of the aadA cassette into the rps4 deletion

site.

The plastome region containing the rpl20 and rpl33 genes was cloned

as a 3.7-kb NdeI/EcoRI restriction fragment into the similarly cut pUC18

vector. To generate transformation vector pDrp20, the plasmid clone was

linearized with the restriction enzyme NruI followed by insertion of the

aadA cassette into the middle of the rpl20 coding region. Transformation

vector pDrpl33 was produced by deletion of the rpl33 gene via digestion

with the restriction enzymes MscI and BsmFI. The overhanging ends

generated by BsmFI were subsequently blunted using the Klenow frag-

ment of DNA polymerase I and the aadA cassette was ligated into the

rpl33 deletion site.
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Plastid Transformation and Selection of Transplastomic

Tobacco Lines

Young leaves from sterile tobacco plants were bombarded with plasmid-

coated 0.6 mm gold particles using a helium-driven biolistic gun

(PDS1000He; Bio-Rad). Primary spectinomycin-resistant lines were se-

lected from 5 3 5-mm leaf pieces on plant regeneration medium

containing 500 mg/L spectinomycin (Svab and Maliga, 1993). Spontane-

ous spectinomycin-resistant plants were eliminated by double selection

tests on medium containing spectinomycin and streptomycin (500 mg/L

each; Svab and Maliga, 1993; Bock, 2001). Several independent trans-

plastomic lines were subjected to four additional rounds of regeneration

on spectinomycin-containing regeneration medium to enrich for the

transplastome and to select for homoplasmy.

Isolation of Nucleic Acids and Hybridization Procedures

Total plant DNA was isolated by a cetyltrimethylammoniumbromide-

basedmethod (Doyle and Doyle, 1990). DNA samples were digested with

restriction enzymes, separated on 0.8% agarose gels, and blotted onto

Hybond N nylon membranes (GE Healthcare). For hybridization, [a-32P]

dATP-labeled probes were generated by random priming (Multiprime

DNA labeling kit; GE Healthcare). Restriction fragments covering part of

the rps2/rpoC2 genes, trnT-UGU/orf70A, rpl20/59rps12, and psaJ/rpl33

region (Figures 1 to 4) were used as probes for the RFLP analyses in

Drps2, Drps4, Drpl20, and Drpl33 plants, respectively. Hybridizations

were performed at 658C in rapid hybridization buffer (GE Healthcare)

following the manufacturer’s protocol.

PCR

Presence of recombination products in transplastomic lines was con-

firmed by PCR amplification using the primers PaadA25 (59-AGATCAC-

CAAGGTAGTCGGCAA-39) and PtrnH (59-CTTGATCCACTTGGCTACA-

TCC-39). To confirm the deletion of the rpl33 gene, combinations of

the following primers were used (Figure 4): P59rpl33 (59-TCAAAAATCC-

AAAGGAGGTTC-39), PaadA136 (59-TCGATGACGCCAACTACC-39),

PaadA25 (59-AGATCACCAAGGTAGTCGGCAA-39), and P39rpl33 (59-CAT-

TTTTTCCCCTTCCTTGA-39). Fifty nanograms of total genomic DNA was

amplified in 50-mL reactions in a reaction mixture containing 200 mM of

each deoxynucleotide triphosphate, 2.0 mM MgCl2, 10 pmol of each

primer, and 1 unit of Taq DNA polymerase (Promega). The standard PCR

programwas40cycles of 40 s at 948C, 90 s at 558C, and90 sat 728Cwith a

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

at 728C. PCR products were analyzed by gel electrophoresis in 1.5%

agarose gels.

Polysome Analysis

Polysomes were purified as described previously (Rogalski et al., 2008).

RNA pellets were redissolved in 30 mL water, and aliquots of 1.5 mL were

denatured for 5 min at 958C and then loaded onto denaturing formalde-

hyde-containing agarose gels for RNA gel blot analysis. mRNA-specific

probes for RNAgel blot analysiswere prepared from restriction fragments

(rbcL, 565-bp SacII/PstI fragment) or PCR products: psbA, 1020-bp PCR

product obtainedwith primers PpsbA59(59-ATAGACTAGGCCAGGATCT-

TAT-39) and PpsbA39 (59-ATTTTACCATGACTGCAATTTTAGAG-39);

psbE operon, 481-bp PCR product obtained with primers PY (59-CCTTC-

CCTATTCATTGCGGGTTGG-39) and P7652 (59-CCGAATGAGCTAAGA-

GAATCTT-39); psaB, 550-bp PCR product generated by amplification

with primers P7247 (59-CCCAGAAAGAGGCTGGCCC-39) and P7244

(59-CCCAAGGGGCGGGAACTGC-39).

Ribosome Isolation and Mass Spectrometry

Chloroplastswere isolated as described previously (Rogalski et al., 2008).

Chloroplast pellets were resuspended in lysis buffer (3% Triton X-100,

10 mM Tris-HCl, pH 7.6, 50 mM KCl; 10 mM Mg acetate, and 7 mM

b-mercaptoethanol). The chloroplast lysate was cleared by centrifugation

at 26,000g for 30 min. The supernatant was layered onto a 1 M sucrose

cushion containing 10 mM Tris-HCl, pH 7.6, 50 mM KCl, 10 mM mag-

nesium acetate, and 7 mM b-mercaptoethanol, and the ribosomes were

pelleted by centrifugation at 86,000g for 17 h. The pellet was then

resuspended in T25K100M5D5T buffer (25 mM Tris-HCl, pH 8.0, 100 mM

NH4Cl, 25 mM MgCl2, and 5 mM DTT; Yamaguchi et al., 2002), layered

over 32mLof a linear sucrose gradient (10 to 30% in T25K100M5D5T buffer)

and centrifuged at 90,000g for 5 h. The gradients were then fractionated

and the ribosomes were pelleted from the fractions by centrifugation at

110,000g for 16 h. Finally, the ribosomes were resuspended in

T25K100M5D5T buffer and frozen at 2808C until further use.

For mass spectrometric protein identification, 40 mg of wild-type and

Drpl33 chloroplast ribosomes were denatured for 5 min at 958C and

loaded on 16.5% (w/v) SDS-polyacrylamide gels. The gels were stained

with colloidal Coomassie Brilliant Blue (Imperial protein stain; Rockford)

overnight and destained for 6 to 8 h in distilled water. The region between

5 and 22 kD was cut out from the gel and subsequently divided in 14 gel

pieces of ;0.5 cm each. The gel pieces were digested with trypsin

following standard procedures (Olsen et al., 2004). Prior to mass

spectrometric analysis, tryptic peptides were desalted over stage tips

(Ishihama et al., 2006). Tryptic peptide mixtures were analyzed by liquid

chromatography–tandem mass spectrometry (MS/MS) using nanoflow

HPLC (Proxeon Biosystems) and an Orbitrap hybrid mass spectrometer

(LTQ-Orbitrap; Thermo Electron) as mass analyzer. Peptides were eluted

from a 75-mm analytical column (Reprosil C18; Dr. Maisch) on a linear

gradient running from 4 to 64% acetonitrile in 40min and sprayed directly

into the LTQ-Orbitrap mass spectrometer. Proteins were identified by

tandem mass spectrometry (MS/MS) by information-dependent acquisi-

tion of fragmentation spectra of multiple-charged peptides. Fragment

MS/MS spectra from raw files were extracted as DTA files and then

merged to peak lists using default settings of DTASuperCharge version

1.18 (http://msquant.sourceforge.net) with a tolerance for precursor ion

detection of 50 ppm. Fragmentation spectra were searched against a

nonredundant database consisting of the complete Arabidopsis thaliana

protein database (TAIR7, version 2007-04; 31,921 entries; www.

Arabidopsis.org) to which 21 tobacco ribosomal protein sequences

(tobacco chloroplast encoded genes) and major contaminants were

added. Alternatively, peak lists were matched against the tobacco

transcript assemblies database (http://www.tigr.org/plantgenomics/

htdocs/databases.html; Childs et al., 2007) using the Mascot algorithm

(version 2.2.0; Matrix Science). The following search parameters were

applied: trypsin as cleaving enzyme, peptide mass tolerance 10 ppm,

MS/MS tolerance 0.8 D, and one missed cleavage allowed. Carbamido-

methylation of Cyswas set as a fixedmodification, andMet oxidationwas

chosen as a variable modification. Only peptides with a length of more

than five amino acids were considered. In general, peptides were ac-

cepted without manual interpretation if they displayed a Mascot score >

32 (as defined by Mascot P < 0.01 significance threshold), and peptides

with a score > 20 were manually inspected, requiring a series of three

y or b ions to be accepted. Protein abundance was estimated using the

exponentially modified protein abundance index (Ishihama et al., 2005).

Gas Exchange Measurements

Leaf assimilation capacities were determined using a Clark-type leaf

oxygen electrode (Hansatech Instruments). Measurements were per-

formed on leaf discs (10 cm2 leaf area) under CO2-saturated conditions

(5%CO2). Respiration was measured for 10 min in the dark-adapted leaf.
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Then, leaves were illuminated with saturating light (1000 mE m22 s21)

provided by a tungsten lamp (Schott). Photosynthetic oxygen evolution

was measured until steady state was attained. Assimilation was cor-

rected for respiration rates, assuming that respiration is unaltered in the

light (Fernie et al., 2004).

Chlorophyll Fluorescence Measurements

Chlorophyll fluorescence was recorded with a pulse-amplitude modu-

lated fluorimeter (Dual-PAM; Heinz Walz). Plants were dark adapted for

1 h prior to determination of PSII quantum efficiency (Fv/Fm). The effect of

short-term acute high-light stress was assessed by exposing leaves to a

light intensity of 2000 mmol m22 s21 in the Dual-PAM for 1 h, followed by

determination of the three components of nonphotochemical quenching

(qE, qT, and qI, with qI being a measure of PSII photoinhibition) during a

subsequent 15-min relaxation period in the dark (Krause andWeis, 1991).

Difference Absorption Spectroscopy

The contents of PSII, the cytochrome b6f complex, and PSI were

determined in thylakoids isolated according to Schöttler et al. (2004).

PSI was quantified fromP700 difference absorption signals at 830- to 870-

nm wavelength in solubilized thylakoids (Schöttler et al., 2007b) using the

Dual-PAM instrument. PSII and the cytochrome b6f complex were de-

termined from difference absorption measurements of cytochrome b559

(PSII) and cytochromes f and b6. Thylakoids equivalent to 50 mg chloro-

phyll mL21 were incubated in a low-salt medium to improve the optical

properties of the sample by unstacking the thylakoids. All cytochromes

were oxidized by application of 1 mM sodium ferricyanide. Addition of 10

mM sodium ascorbate resulted in the reduction of cytochrome f and the

high-potential form of cytochrome b559, while cytochrome b6 and the low-

potential form of cytochrome b559 were only reduced upon addition of

dithionite. At each redox potential, absorption spectra between 575- and

540-nm wavelengths were determined using the V-550 spectrophotom-

eter (Jasco) with a head-on photomultiplier. The monochromator slit

width was set to 1 nm. The difference absorption spectra were deconvo-

luted using reference spectra and difference absorption coefficients as

described (Kirchhoff et al., 2002). The PSII content was calculated from

the sum of the difference absorption signals arising from the low and high

potential forms of cytochrome b559.

The relative stoichiometries of PC per P700 were determined using the

plastocyanin version of the Dual-PAM spectroscope (Dual-PAM-S; Heinz

Walz; Schöttler et al., 2007b). Measurements were performed on intact

leaves prior to thylakoid isolation because PC is partly released from the

thylakoid lumen during the isolation procedure; therefore, data obtained

from isolated thylakoids are not fully quantitative.

Protein Gel Electrophoresis and Immunoblotting

Immunodetection of representative subunits of complexes was performed

after separation of thylakoid proteins by SDS-polyacrylamide gel electro-

phoresis as described previously (Schöttler et al., 2007a, 2007b). The

separated proteins were transferred onto polyvinylidene difluoride mem-

branes (Hybond P; GE Healthcare) using the tank blot system Perfect Blue

Web M (PeqLab) and a standard transfer buffer. Immunobiochemical

detection was performed with the ECL Plus protein gel blotting detection

system (GE Healthcare) according to the manufacturer’s instructions.

Antisera against thylakoid proteins were purchased from Agrisera.

Accession Numbers

Sequence data for tobacco plastid ribosomal proteins can be found in the

GenBank/EMBL database under the accession number for the tobacco

(N. tabacum) plastid genome: Z00044.

Supplemental Data

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

Supplemental Figure 1. Confirmation of Recombination Events in

Transplastomic Lines by PCR Analysis.

Supplemental Table 1. Mass Spectrometric Identification of Plastid

Ribosomal Proteins in Wild-Type and Drpl33 Plants.
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