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Consistent with their origin from cyanobacteria, plastids (chloroplasts) perform protein biosynthesis on bacterial-type 70S
ribosomes. The plastid genomes of seed plants contain a conserved set of ribosomal protein genes. Three of these have
proven to be nonessential for translation and, thus, for cellular viability: rps15, rpl33, and rpi36. To help define the minimum
ribosome, here, we examined whether more than one of these nonessential plastid ribosomal proteins can be removed from
the 70S ribosome. To that end, we constructed all possible double knockouts for the S15, L33, and L36 ribosomal proteins
by stable transformation of the tobacco (Nicotiana tabacum) plastid genome. We find that, although S15 and L33 function in
different ribosomal particles (30S and 50S, respectively), their combined deletion from the plastid genome results in
synthetic lethality under autotrophic conditions. Interestingly, the lethality can be overcome by growth under elevated
temperatures due to an improved efficiency of plastid ribosome biogenesis. Our results reveal functional interactions
between protein and RNA components of the 70S ribosome and uncover the interdependence of the biogenesis of the two
ribosomal subunits. In addition, our findings suggest that defining a minimal set of plastid genes may prove more complex

than generally believed.

INTRODUCTION

Translation in bacteria occurs on 70S ribosomes that are
composed of a large (50S) and a small (30S) subunit. The two
DNA-containing organelles of eukaryotes (mitochondria and
plastids) also possess 70S ribosomes that resemble bacterial
ribosomes, in structure and molecular composition (Graack and
Wittmann-Liebold, 1998; Yamaguchi et al., 2000; Yamaguchi
and Subramanian, 2000; Manuell et al., 2007). Most of the com-
ponents of the bacterial ribosome have remained remarkably well
conserved over more than a billion years of evolution since the
formation of eukaryotic cells through endosymbiosis. Consistent
with their ancestry, mitochondrial ribosomes are most similar to
ribosomes of proteobacteria, whereas plastid (chloroplast) ribo-
somes are most similar to cyanobacterial ribosomes (Graack and
Wittmann-Liebold, 1998; Manuell et al., 2007).

The organellar genomes encode only a subset of the con-
stituents of the 70S ribosomes of plastids and mitochondria. For
example, the 30S subunit of the plastid ribosome (30S subunit)
is composed of the 16S rRNA and 21 protein subunits (Rps
proteins) that have orthologs in Escherichia coli. In seed plants,
the plastid genome (plastome) encodes the 16S rRNA and 12 of
the 21 ribosomal protein subunits, and the nuclear genome
encodes the remaining nine subunits (Yamaguchi et al., 2000).
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The 50S subunit consists of three RNA species (23S rRNA,
58 rRNA, and 4.5S rRNA) and 31 ribosomal proteins (Rpl pro-
teins) that have orthologs in E. coli. The plastome encodes the
three rRNAs and nine of the 31 ribosomal proteins, and the
nuclear genome encodes the remaining 22 ribosomal proteins
(Yamaguchi and Subramanian, 2000). The nuclear encoding of
organellar ribosomal proteins results from endosymbiotic gene
transfer, an evolutionary process that gradually moved organellar
genes into the nuclear genome and, in this way, resulted in
a dramatic reduction of plastid and mitochondrial genome sizes
(Gray, 1993; Timmis et al., 2004; Bock and Timmis, 2008).
Chloroplast ribosomes also contain a few proteins that are not
found in bacterial ribosomes (so-called plastid-specific ribosomal
proteins) and may have been newly acquired during organelle
evolution. Plastid-specific ribosomal proteins are encoded by
nuclear genes and, while some of them appear to be bona fide
ribosomal proteins that function in protein biosynthesis, others
can be removed without causing obvious translational defects
(Tiller et al., 2012).

In all plants, autotrophic growth requires plastid protein bio-
synthesis because the plastid genome encodes many of the
components of the photosynthetic apparatus. In most plant
species, heterotrophic growth also requires plastid protein bio-
synthesis (Ahlert et al., 2003; Rogalski et al., 2006; Alkatib et al.,
2012a), presumably because a few plastid-encoded proteins
affect metabolic functions that are essential for cell survival even
in the presence of an exogenous carbon source (Kode et al.,
2005).

Not all components of the 70S ribosome are essential for
translation; in both bacteria and plastids, several ribosomal
proteins have been identified as nonessential (Baba et al., 2006;
Rogalski et al., 2008; Fleischmann et al., 2011). The genes for
the Rps15 protein (S15) of the small ribosomal subunit and the
RplI33 (L33) and Rpl36 (L36) proteins of the large ribosomal
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Figure 1. Construction of Transplastomic Double Knockout Plants for
the Nonessential Ribosomal Protein Genes rps15, rpl33, and rpl36.

(A) Physical map of the region in the tobacco plastid genome (Shinozaki
et al.,, 1986) containing the rp/33 gene and map of the transformed
plastid genome (transplastome) in Arp/33 mutant plants (Rogalski et al.,
2008). Genes above the line are transcribed from the left to the right, and
genes below the line are transcribed in the opposite direction. The Accl
restriction sites employed for RFLP analyses are indicated, and the re-
sulting fragment sizes are given for the wild type and the rp/33 knockout.
The hybridization probe used for DNA gel blot analysis (derived from the
psad coding region) is also indicated.

(B) Map of the genomic region containing rps75 and map of the trans-
formed plastid genome in Arps715 mutants (Fleischmann et al., 2011). In
the Arps15 single mutant and the Arps15/Arpl36 double knockout, the
spectinomycin resistance marker aadA (Svab and Maliga, 1993) disrupts
the rps15 gene, whereas in the Arps15/Arpl33 plants, rps15 is inactivated
with the kanamycin resistance gene aphA-6 (Huang et al., 2002).

(C) Map of the genomic region containing /36 and map of the trans-
formed plastid genome in Arp/36 mutants (Fleischmann et al., 2011). In

subunit can be inactivated in E. coli (Maguire and Wild, 1997;
Ikegami et al., 2005; lkegami et al., 2005) and in plastids (Rogalski
et al., 2008; Fleischmann et al., 2011) without losing viability.
While the rpl36 gene knockout in tobacco (Nicotiana tabacum)
plastids displays a severe mutant phenotype, ro/33 and rps15
knockout plants are nearly indistinguishable from the wild type
(Rogalski et al., 2008; Fleischmann et al., 2011).

Nonessentiality of two genes does not necessarily imply that
the combined knockout of both genes will also be viable. The
phenomenon that the combined removal of two nonessential
genes results in loss of viability is known as synthetic lethality.
Synthetic lethality can occur if two genes are functionally re-
dundant or have partially overlapping functions. Identifying and
reliably predicting synthetic lethal interactions between non-
essential genes represents one of the biggest challenges in top-
down synthetic genomics, an area of synthetic biology that aims
at designing, synthesizing, and booting up a functional minimum-
size genome (Delaye and Moya, 2010; Klasson and Andersson,
2010; Cambray et al., 2011). Here, we have undertaken a sys-
tematic investigation of the 70S ribosome for synthetic lethality.
Using stable chloroplast genome transformation in the model
plant tobacco, we generated double knockout lines for the
three nonessential ribosomal protein genes encoded in the
plastid genome. We find that, although S15 and L33 are non-
essential ribosomal proteins that function in distinct ribosomal
subunits, their combined deletion from the plastid genome
surprisingly results in synthetic lethality under autotrophic con-
ditions. Interestingly, the lethality can be rescued by growth
under elevated temperatures, which improves the efficiency of
ribosome biogenesis in the double mutants.

RESULTS

Construction of Transplastomic Double Knockout Plants
for Three Nonessential Ribosomal Protein Genes

The development of technologies for the stable genetic trans-
formation of plastid genomes (Boynton et al., 1988; Svab and
Maliga, 1993) has facilitated the functional analysis of genes in
the plastid genome by reverse genetics (Rochaix, 1997; Maliga,
2004). Taking advantage of the active homologous recom-
bination system in plastids, genes can be knocked out by dis-
rupting or replacing their coding region with the standard
selectable marker gene for chloroplast transformation, the aadA
gene, which confers spectinomycin resistance (e.g., Takahashi
et al.,, 1991; Hager et al., 1999; Krech et al., 2012). The con-
struction of double knockout lines that inactivate two unlinked

the Arpl36 single mutant, the aadA marker disrupts the rp/36 gene,
whereas in the Arps15/Arpl36 and the Arpl33/Arpl36 double knockout
plants, rp/36 is inactivated with the aphA-6 marker.

(D) RFLP analysis of plastid transformants. The wild type, the three single
mutants, and the three double knockouts (two independently generated
transplastomic lines each) were analyzed by DNA gel blotting using the
restriction enzyme Accl and specific radiolabeled probes (pr.) for each of
the three knockout alleles (cf. panels [A] to [C]). Note that all trans-
plastomic lines included in this blot are homoplasmic and show exclu-
sively the bands diagnostic of the transgenic plastid genomes.



genes remains more technically challenging because it re-
quires either recycling of the aadA marker, cotransformation
with two plasmids, or sequential transformation using two different
selection markers (supertransformation). Although aadA is the only
marker gene that is routinely used in plastid transformation ex-
periments, a few alternative selectable marker genes have become
available (Carrer et al., 1993; Huang et al., 2002; Li et al., 2011),
enabling us to employ a supertransformation approach to analyze
the effects of the combined inactivation of two nonessential plastid
ribosomal protein genes. To this end, we used the aphA-6 marker
gene, which confers kanamycin resistance (Huang et al., 2002) to
disrupt a second ribosomal protein gene in the rps15, pI33, and
rpl36 knockout plants that had previously been generated with the
aadA marker (Rogalski et al., 2008; Fleischmann et al., 2011). Su-
pertransformation of rp/33 knockout plants with an aphA-6-based
knockout construct for rps15 (Figures 1A and 1B) generated an
rps15/rpl33 double knockout (subsequently referred to as Arps15/
Arpl33 plants). Similarly, supertransformation of the rp/33 knockout
with a knockout construct for rp/36 (Figures 1A and 1C) produced
an ml33/rpl36 double knockout (Arpl33/Arpl36 lines), and super-
transformation of the nos15 knockout with a knockout construct for
rol36 (Figures 1B and 1C) resulted in an rps15/rpl36 double
knockout (Arps15/Arpl36 plants). In this way, we constructed
all three possible double knockout combinations of nonessential
plastid-encoded ribosomal protein genes.

The knockout alleles were introduced into the tobacco chlo-
roplast genome by biolistic transformation to replace the cor-
responding wild-type alleles by homologous recombination
(Figure 1). Selection on kanamycin-containing regeneration me-
dium produced multiple independent antibiotic-resistant lines for
all three supertransformation constructs. Primary doubly trans-
plastomic candidate lines were subjected to two to four additional
rounds of regeneration and selection to enrich plastid genome
copies containing the second (aphA-6-based) knockout allele and
dilute out residual genome copies that harbor only the first (aadA-
based) gene knockout. Successful transformation of the plastid
genome was confirmed by restriction fragment length poly-
morphism (RFLP) analyses of DNA samples from doubly trans-
plastomic candidate lines. In all cases, the double knockout lines
displayed the expected hybridizing fragments (Figure 1D). More-
over, absence of a residual signal for the wild type-specific
restriction fragment strongly suggested homoplasmy of the
generated transplastomic lines.

Analysis of Transplastomic Double Knockout Lines
of Nonessential Ribosomal Protein Genes

Homoplasmy of the double knockout lines (Figure 1D) suggests
their viability under heterotrophic growth conditions in vitro (i.e.,
on synthetic medium supplemented with Suc as an exogenous
source of reduced carbon). This was further confirmed by raising
regenerated plants on Suc-containing medium (Figure 2). How-
ever, despite provision of an exogenous carbon source, all three
double knockouts grew slowly and displayed a mutant pigment-
deficient phenotype (Figure 2B). This was particularly surprising in
the case of the Arps15/Arpl33 plants because both single mu-
tants have no visible phenotype in sterile culture or in soil (Figure
2A; Rogalski et al., 2008; Fleischmann et al., 2011).
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Figure 2. Phenotypes of Wild-Type Plants, Single Knockout Plants, and
Double Knockout Plants of the Three Nonessential Plastid Ribosomal
Protein Genes rps15, rpl33, and rpl36.

The plants were grown from stem cuttings on synthetic medium sup-
plemented with Suc as carbon source.

(A) Comparison of the wild type with the single mutants Arps15, Arpl33,
and Arpl36. While the Arps15 and Arpl33 plants display a wild-type-like
phenotype, the Arpl36 knockout plants are pale and show strongly de-
layed greening (Rogalski et al., 2008; Fleischmann et al., 2011).

(B) Phenotypes of the Arps15/Arpl33, Arps15/Arpl36, and Arpl33/Arpl36
double knockout plants. Note the strong pigment deficiency (particularly
pronounced in the older leaves) in all three double mutants.
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Figure 3. Accumulation and Processing of rRNAs in Ribosomal Protein Mutants Grown Heterotrophically on Synthetic Medium.

Wild-type plants, single mutants of rps15, rpl33, and rpl36, and the three double mutants were analyzed.

(A) Accumulation of the 16S rRNA as a proxy for the accumulation of the 30S ribosomal subunit. The values give the ratio of the plastid 16S rRNA to the
cytosolic 18S rRNA and represent the means of three biological replicates. The error bars indicate the sp. Statistically significant differences (determined
by one-way ANOVA and Fisher’s LSD test, P < 0.05) are indicated by the letters above the bars.

(B) Accumulation of the 23S rRNA as a proxy for the abundance of 50S ribosomal subunits.

(C) Physical map and transcript processing pattern of the plastid rRNA operon. The 7.3-kb primary transcript, the different processing intermediates,
and the mature forms of the 16S and 23S rRNAs are shown. The 23S rRNA is cut into three pieces, a phenomenon known as “hidden break” processing
(Delp and Kossel, 1991). The positions of the hybridization probes for the 16S and 23S rRNAs are also indicated.

(D) Accumulation and processing of the plastid 16S rRNA determined by RNA gel blot hybridization. As loading control, the ethidium bromide-stained
gel region containing the cytosolic 18S rRNA is shown.

(E) Analysis of the accumulation and processing pattern of the 23S rRNA. Note quantitative differences in the efficiency of hidden break processing,
which is known to be influenced by developmental cues (Rosner et al., 1974).



To investigate possible molecular causes of the mutant phe-
notypes, we determined the ribosome contents in all single and
double mutants. Using a microfluidics-based platform for sizing
and quantification of rRNA species, we measured the accumu-
lation of the rRNAs in the large and small subunits of the plastid
and cytosolic ribosomes (which serve as a proxy for ribosomal
subunit accumulation; Walter et al., 2010). By calculating ratios
of cytosolic to plastid rRNA species, changes in the abundance
of plastid ribosomal subunits become apparent (Figures 3A and
3B). In all three double mutants, plastid ribosome content was

A wild type Arps15

Arps15/Arpl33

C  Wild type
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reduced more strongly than in the single mutant with the
strongest phenotype, Arpl36. While this was not unexpected for
the double mutants involving the knockout of rp/36 (Arps15/
Arpl36 and Arpl33/Arpl36), it was surprising in the case of the
Arps15/Arpl33 double knockout plants. Especially the accu-
mulation of the 50S subunit (as evidenced by the ratio 23S
rRNA:18S rRNA) was drastically reduced in the Arps15/Arpl33
double mutant compared with the two single mutants, which,
consistent with their wild-type-like phenotype, had similar 50S
levels as wild-type plants (Figure 3B).

Figure 4. Seedling Lethality of the Arps15/Arp/33 Mutants and Rescue by Elevated Growth Temperatures.

Wild-type, Arps15, Arpl33, and Arps15/Arpl33 plants were germinated either on soil ([A] and [C]) or on synthetic Suc-containing medium ([B] and [D])

and grown either at 22°C ([A] and [B]) or at 35°C ([C] and [D]).

(A) Plants germinated and grow on soil at 22°C. The photos were taken 29 d after sowing.
(B) Plants germinated and grown on synthetic medium at 22°C in the absence of antibiotics (w/o sel.) or in the presence of 500 ug/mL spectinomycin
(Spec) or 50 pg/mL kanamycin (Kan). The photos were taken 22 d after sowing.

(C) Plants germinated and grown on soil at 35°C.

(D) Plants grown as in (B) but at 35°C. The plants grown without selection and the plants grown under spectinomycin selection were photographed
15 d after sowing, and the plants grown under kanamycin selection were photographed 41 d after sowing. Due to the low stability of kanamycin at elevated
temperatures, the kanamycin-containing medium was replaced every 14 d.
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We next analyzed plastid rRNA accumulation and processing
of the 16S rRNA and 23S rRNA by RNA gel blot analyses (Fig-
ures 3C to 3E). All three double mutants showed strongly re-
duced levels of both 16S and 23S rBRNA. Moreover, the mutants
accumulated significant amounts of unprocessed or partially
processed precursor RNAs (Figures 3D and 3E), suggesting that
ribosome biogenesis is less efficient than in the wild type.

Synthetic Lethality of the Arps15/Arpi33 Double Mutant

The Arpl36 mutant has a severe mutant phenotype and grows
very poorly under autotrophic conditions in soil (Fleischmann
et al., 2011). Consistent with their even lower accumulation of
plastid ribosomes, the two double mutants involving knockout
of rpl36 (Arps15/Arpl36 and Arpl33/Arpl36) grew even slower
and were nearly impossible to maintain under autotrophic

conditions. Plants raised heterotrophically and then transferred
to soil survived for some time but did not reach the reproductive
stage; therefore, no seeds could be obtained.

Arps15/ArpI33 double knockout plants raised heterotrophi-
cally and then transferred to the greenhouse died quickly under
standard growth conditions (22 to 25°C). However, when in-
cubated under high temperatures (35°C) plants continued to
grow and ultimately flowered and produced seeds. This allowed
us to test the viability of this double mutant during the entire life
cycle. To this end, we germinated seeds in soil and compared
the seedling phenotype of the double mutant with that of the
wild type and the two single mutants (Arps75 and Arpl33; Figure
4A). Interestingly, while the two single mutants had wild-type-
like phenotypes (Rogalski et al., 2008; Fleischmann et al., 2011),
the double mutant turned out to be seedling lethal (Figure 4A).
The seedlings were white and died early after germination,
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Figure 5. Growth at Elevated Temperatures Alleviates the Molecular Phenotype of Arps15/ArpI33 Mutants.

(A) and (B) Accumulation of rRNAs as a proxy for the corresponding ribosomal subunits in seedlings of the wild type and the ribosomal protein mutants
Arps15, Arpl33, and Arps15/Arpl33. The plants were germinated and grown for 29 d on synthetic medium at either 22 or 35°C. The mean of three
biological replicates is shown. The error bars indicate the sp. Statistically significant differences (two-way ANOVA and Scheffé test; P < 0.05) are

indicated by the letters above the bars.

(A) Ratio of the plastid 16S rRNA to the cytosolic 18S rRNA at 22°C (dark-gray bars) and 35°C (light-gray bars).
(B) Ratio of the plastid 23S rRNA to the cytosolic 18S rRNA at 22 and 35°C.
(C) and (D) Accumulation and processing patterns of plastid rRNAs at 22 and 35°C. The ethidium bromide-stained cytosolic 18S rRNA band of the
agarose gel prior to blotting is shown below each blot as a loading control. For a schematic representation of rRNA processing patterns, see Figure 3C.
(C) Comparison of 16S rRNA accumulation and processing at 22°C versus 35°C.
(D) Comparison of 23S rRNA accumulation and processing at 22°C versus 35°C.



presumably after using up the energy reserves stored in the
endosperm. The seedling phenotype was similarly severe on
synthetic medium supplemented with Suc (Figure 4B), indicating
that the level of protein biosynthesis in the plastid is very low in
the Arps15/Arpl33 double knockout (Figure 4B).

To exclude the possibility that the seedling lethal phenotype
results from photooxidative stress due to the delayed buildup
of the photosynthetic apparatus, we germinated seeds of the
Arps15/ArpI33 mutants under different light conditions, in-
cluding low-light conditions (50 ME m~2 s~'). However, the
mutant seedlings died in soil under all of the tested conditions,
suggesting that the seedling lethality of the Arnps15/Arnpl33
double knockout is not primarily caused by light stress-induced
oxidative damage.

Expression of the selectable marker genes aadA and aphA-6
does not cause mutant phenotypes (Klaus et al., 2003; Petersen
et al., 2011; Rott et al.,, 2011; Krech et al., 2013). Moreovetr,
extensive characterization of plant growth and photosynthetic
parameters revealed no detectable difference between wild-type
plants and transplastomic plants expressing the aadA marker
from different neutral insertion sites in the plastid genome (e.g.,
Rott et al., 2011; Petersen et al., 2011; Krech et al., 2013),
making it unlikely that expression of the antibiotic resistance
genes affects the phenotypes observed here.

Rescue of the Synthetic Lethality of the Arps15/ArpI33
Double Mutant at Elevated Growth Temperatures

In bacteria, the severity of the growth phenotypes of ribosomal
mutants can depend strongly on the growth conditions, es-
pecially the growth temperature (Akanuma et al., 2012).
Therefore, we tested the Arps15/Arpl33 double knockout for
survival under different temperatures. Interestingly, growth at
35°C resulted in survival of the mutant seedlings and continued
growth under autotrophic conditions (Figure 4C). When kept at
35°C for at least 3 months, the Arps15/Arpl33 plants com-
pleted their entire life cycle, ultimately flowered, and produced
seeds.

To preliminarily assess whether growth at 35°C improves
plastid translation, we assayed the expression of the two plastid-
encoded antibiotic resistances by germinating seeds on synthetic
medium (Figure 4D). Indeed, Arps15/Arpl33 seedlings displayed
significant resistance to both spectinomycin and kanamycin,
suggesting that heat rescues the double knockout at the level of
protein biosynthesis in the plastid (Figures 4B and 4D).

To provide direct evidence for the impact of elevated growth
temperatures on the biogenesis of plastid ribosomes in
Arps15/ArpI33 plants, ribosome accumulation was quantified
(Figures 5A and 5B) and the accumulation and processing pat-
terns of the 16S and 23S rRNAs were comparatively inves-
tigated at 22 and 35°C (Figures 5C and 5D). These analyses
revealed that, indeed, the double mutant accumulated signifi-
cantly more plastid ribosomes (relative to cytosolic ribosomes)
at 35°C compared with standard growth conditions. Accumu-
lation of the small ribosomal subunit was almost 3 times higher
upon growth at 35°C than at 22°C (Figure 5A). Likewise, growth
at 35°C nearly doubled the relative amount of large ribosomal
subunits (Figure 5B). This result was confirmed by direct analysis
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of plastid rRNAs. While the double mutant had strongly reduced
levels of both 16S and 23S rRNAs at 22°C, we observed a sig-
nificant rescue of rRNA accumulation at 35°C (Figures 5C and
5D). Interestingly, growth under elevated temperatures also im-
proved the efficiency of rRNA processing (Figure 5D).

To provide further proof of ribosome biogenesis proceeding
more efficiently at elevated temperatures and to exclude the
alternative possibility that higher temperatures simply make the
translation process more efficient in the Arps15/Arpl33 plants,
we sought to demonstrate that the missing ribosomal proteins
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Figure 6. Comparison of Translational Activities at 22 and 35°C by
Polysome Analysis in Wild-Type and Arps15/Arpl33 Mutant Plants.

Polysome profiles of the polycistronic psaA/psaB/rps14 transcript are
shown. Polysomal complexes were separated in Suc gradients and each
gradient was fractionated into six fractions (numbered from the top to the
bottom, as indicated above each panel). The extracted RNAs were
separated by gel electrophoresis, blotted, and hybridized to a radio-
labeled psaA probe. The gradient fractions containing the bulk of the
transcripts are indicated by brackets. As a control, polysomes were
isolated in the presence of the polysome-dissociating antibiotic puro-
mycin. The ethidium bromide-stained gel region containing the cytosolic
26S and 18S rRNAs is shown below each blot.

(A) Polysome loading of the psaA/psaB/rpsi14 transcript in wild-type
plants at 35°C and 24 h after shifting the growth temperature to 22°C.
(B) Polysome loading in Arps15/Arpl33 mutant plants at 35°C and 24 h
after shifting the growth temperature to 22°C.

(C) Dissociation of polysomal complexes by puromycin treatment in
wild-type and mutant plants.
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are not necessary for translation once the ribosomes are as-
sembled. To this end, we isolated and analyzed polysomes
(complexes of mMRNAs covered with translating ribosomes) from
plants raised at 35°C and then either shifted to 22°C or kept at
35°C. Polysomes can be separated from free ribosomes and
untranslated mMRNAs by density gradient centrifugation. The
distribution profile of an mRNA across fractionated Suc gra-
dients correlates with its loading with ribosomes and thus pro-
vides a proxy of the intensity of its translation (Barkan, 1988,
1998; Kahlau and Bock, 2008). When we compared the poly-
some profiles of wild-type plants and Arps15/Arpl33 plants at
35°C with the profiles of plants shifted for 24 h to 22°C, no
differences were detectable (Figure 6), strongly suggesting that
plastid translation is equally efficient at 22 and 35°C. Moreover,
the polysome profiles of the wild type and the double mutant were
very similar, providing additional evidence for the mutant phe-
notype being caused by ribosome deficiency rather than in-
efficiently functioning plastid ribosomes. Thus, the L33 and S15
proteins are not required for efficient translation but rather for
efficient ribosome biogenesis at ambient growth temperatures.

Structural Basis for the Synthetic Lethality of rps15
and rpl33

The synthetic lethality of Arps15/Arpl33 seedlings raised the
interesting question why the combined knockout of rps15 and
rpl33 is incompatible with autotrophic growth under normal

A

16S rRNA

conditions. In view of the absence of a mutant phenotype of the
two single mutants and considering the fact that Rps15 and
Rpl33 are components of different subunits of the ribosome that
accumulate largely independently of each other (Tiller et al.,
2012), the synthetic lethality of the double mutant was un-
expected. To determine the possible molecular cause of the
synthetic lethality, we examined the molecular interactions of
the two proteins (and, additionally, the Rpl36 protein knocked
out in the two other double mutants created in this study) in the
70S ribosome (Figure 7). In particular, we considered the pos-
sibility that one of the ribosomal proteins plays a role in both the
50S and the 30S subunit of the ribosome. While Rpl33 and
Rpl36 are deeply embedded in the 50S subunit and thus are far
away from the 30S subunit, the Rps15 protein is located close to
the interface between the 30S and the 50S subunit (Figure 7A).
Interestingly, the protein touches a loop of the 23S rRNA (Figure
7B; Culver et al., 1999). This observation raises the intriguing
possibility that, in the absence of Rpl33, the biogenesis of the
50S ribosomal subunit is critically dependent on a molecular
interaction between the Rps15 protein and the 23S rRNA.

DISCUSSION

In this work, we generated all possible combinations of double
mutants for the three nonessential plastid genome-encoded
proteins of the 70S ribosome: S15, L33, and L36 (Rogalski et al.,

235 rRNA

Figure 7. Position of the Ribosomal Proteins S15, L33, and L36 in the 70S Ribosome.

Shown are the 16S rRNA (pink ribbon) and the S15 protein (dark gray and yellow) of the small ribosomal subunit (30S) as well as the 23S rRNA (gray
ribbon), the L33 (light blue and yellow), and the L36 (brown) proteins of the large ribosomal subunit (50S).

(A) Localization of S15, L33, and L36 in relation to the 16S and 23S rRNAs.

(B) Close-up view revealing the interaction of S15 with the 23S rRNA via an RNA loop that protrudes into the 30S subunit.



2008; Fleischmann et al., 2011). The initial objective of this study
was to obtain a minimum-size ribosome that is sufficient for
plant survival and consists of the smallest possible set of plastid
ribosomal proteins. Unexpectedly, the combined knockout of S15
and L33, the two nonessential ribosomal proteins that can be re-
moved individually without causing mutant phenotypes under
standard conditions, turned out to be incompatible with seedling
survival and autotrophic growth at standard temperatures.

In view of the strong mutant phenotype of the rp/36 single
knockout (Fleischmann et al., 2011), the severe phenotypes of
the two double mutants involving rp/36 were expected (Figure 2)
and are readily explained by additive effects (Figure 3). By
contrast, the synthetic lethality of the Arps15/Arpl33 seedlings
was surprising because Rps15 is a component of the 30S ribo-
somal subunit, whereas Rpl33 is a component of the 50S ribo-
somal subunit. The two ribosomal subunits accumulate largely
independently of each other and are thought to not require each
other during subunit assembly.

The significant reduction in ribosome content seen in the
rps15 single knockout (Figure 3; Fleischmann et al., 2011) in-
dicates that plants tolerate a moderate reduction in their plastid
translational capacity relatively well. The synthetic lethal phe-
notype of the Arps15/ArpI33 double mutant suggests that,
in these plants, plastid ribosome levels fall below a critical
threshold that is required for autotrophic growth. Previous work
has established that a high activity of plastid protein biosynthesis
is particularly important at the young seedling stage and in
young developing leaves (Fleischmann et al., 2011; Alkatib et al.,
2012b; Tiller et al., 2012). This is because in these tissues, the
entire photosynthetic apparatus needs to be built up, a process
that requires high translational capacity in the plastid compart-
ment. By contrast, in mature (fully expanded) leaves, lower levels
of plastid translation appear to be sufficient for maintenance and
repair of the photosynthetic apparatus. This may explain why
Arps15/Arpl33 seedlings are white both on Suc-containing me-
dium and in soil (Figures 4A and 4B), whereas the leaves of older
plants raised on Suc are green (Figure 2B).

In the assembly of the 30S ribosomal subunit, ribosomal
protein S15 binds early to the 16S rRNA and is possibly involved
in triggering conformational changes that facilitate subsequent
assembly steps (Talkington et al., 2005; Kaczanowska and
Rydén-Aulin, 2007; Woodson, 2008; Sykes et al., 2010). Analy-
sis of the three-dimensional structure of the 70S ribosome re-
vealed that S15 also interacts with a loop of the 23S rRNA
(Figure 7), providing a possible functional link between S15 and
the 50S ribosomal subunit (Culver et al., 1999). However, this
link becomes apparent only in the absence of L33. While bio-
genesis of 30S and 50S subunits proceeds efficiently when only
S15 is missing, the biogenesis of both ribosomal subunits is
strongly impaired when S15 and L33 are missing.

Elevated growth temperatures rescue the synthetic lethality
of the Arps15/Arpl33 double mutant. While wild-type-like
growth is not fully restored, ribosome biogenesis is improved
to an extent sufficient to enable autotrophic growth (Figures 3
and 4). In view of the RNA binding properties of ribosomal
proteins and, especially, the early binding of S15 to the 16S
rRNA (Talkington et al., 2005), it seems conceivable that ele-
vated temperatures facilitate proper folding of rRNAs in the
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absence of S15 and L33. This could occur, for example, by
melting of incorrectly folded secondary structures that, under
ambient temperatures, would require the action of rRNA binding
ribosomal proteins.

Interestingly, a number of previously isolated mutants display
temperature-dependent ribosome deficiencies. The erythromycin-
resistant Chlamydomonas reinhardtii mutant ery-M2 (Hanson and
Bogorad, 1978), the barley (Hordeum vulgare) mutant tigrina-o3
(Hoyer-Hansen and Casadoro, 1982), and the maize (Zea mays)
virescent mutants v16 and hcf7 (Hopkins and Elfman, 1984;
Barkan, 1993) all show more severe ribosome deficiency upon
growth at lower temperatures. Together with the chilling-sensitive
phenotype of previously characterized ribosomal protein mutants
in tobacco (Rogalski et al., 2008; Fleischmann et al., 2011) and the
rescue of the synthetic lethality of the Arnps15/ArpI33 mutant by
heat reported here, this indicates that, upon genetic disturbances,
the biogenesis of plastid ribosomes can become highly sensitive
to temperature.

The synthetic lethality of the Arps15/Arpl33 double mutant also
brings to light an important lesson in functional genomics and
synthetic biology. The reduction of a genome to its minimum size
and coding capacity is far from straightforward. Even if non-
essential genes act in different macromolecular complexes that
are believed to accumulate independently of each other (such as
the 30S and 50S ribosomal particles in the case of rps15 and
rpl33), their combined deletion can be lethal. Thus, to predict
synthetic lethality or develop experimental approaches that allow
the systematic detection of synthetically lethal interactions be-
tween genes represents a major challenge in synthetic genomics.

METHODS

Plant Material and Growth Conditions

To generate leaf material for chloroplast transformation experiments,
tobacco plants (Nicotiana tabacum cv Petit Havana; Arps15, Arpl33, and
Arpl36; Rogalski et al., 2008; Fleischmann et al., 2011) were grown under
aseptic conditions on agar-solidified Murashige and Skoog medium
supplemented with 30 g/L Suc (Murashige and Skoog, 1962). Trans-
plastomic double knockout lines were rooted and propagated on the
same medium in the presence of kanamycin (20 mg/L). Plant lines were
maintained in sterile culture under low-light conditions (3.5 yE m=2 s~1).
To obtain seeds from the Arps15/Arpi33 lines, plants were grown in soil
under elevated temperature (35°C) in a controlled environment chamber.
Inheritance patterns and seedling phenotypes were analyzed by germi-
nation of surface-sterilized seeds on Petri dishes containing Murashige
and Skoog medium supplemented with spectinomycin (500 mg/L) or
kanamycin (20 mg/L).

Growth tests under different temperatures were performed by raising
wild-type and mutant plants from seeds in soil at 22 or 35°C under low-
light conditions (50 to 100 nE m~—2 s~") in a 16-h-light/8-h-dark regime.

Construction of Plastid Transformation Vectors

The construction of transformation vectors for the targeted inactivation of
rps15, rpl33, and rpl36 was described previously (Rogalski et al., 2008;
Fleischmann et al., 2011). For supertransformation, a modified Arps15
vector was built that contained the kanamycin resistance gene aphA-6
instead of the spectinomycin resistance gene aadA (Bateman and Purton,
2000; Huang et al., 2002; Fleischmann et al., 2011). The aphA-6 expression
cassette was driven by the psbA promoter from Chlamydomonas reinhardftii
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and the rbcL 3’ untranslated region from C. reinhardtii (Zou et al., 2003). The
cassette was excised with Smal and inserted into a unique Hincll restriction
site in the rps 15 coding region (Fleischmann et al., 2011; Figure 1). A vector
for targeted disruption of rpl36 with the aphA-6 gene was assembled from
cloned PCR products. The aphA-6 gene was amplified with primers 36-
aphfor and 36-2aphrev (Supplemental Table 1) using plasmid DNA as
template. The sequence flanking rp/36 was amplified with the primers 36-
2inffor and 36-2rps8rev using tobacco genomic DNA as template. The two
PCR products were fused by amplification with primers 36-aphfor and 36-
2rps8rev. The resulting fragment was digested with Xhol and BsrGl and
inserted into the similarly cut plasmid pSA8 (Fleischmann et al., 2011),
generating the final plastid transformation vector for rp/36 disruption with the
aphA-6 cassette (Figure 1).

Plastid Transformation and Selection of Transplastomic Lines

Transplastomic Arpl33/Arpl36 lines were produced by supertrans-
formation of Arp/33 mutants (Rogalski et al., 2008) with the aphA-6-
containing knockout allele for rp/36 (Figures 1A and 1C). Similarly, Arps15/
Arpl33 lines were obtained by supertransformation of Arp/33 with the
kanamycin-resistant rps75 knockout allele (Figure 1B). Arps15/Arpl36
double mutants were generated by supertransformation of Arps15 mu-
tants (Fleischmann et al., 2011) with the aphA-6 knockout allele for rp/36
(Figure 1C). For plastid transformation, young leaves from aseptically
grown tobacco plants of the individual recipient lines were bombarded
with plasmid-coated 0.6-p.m gold particles using a helium-driven biolistic
gun (PDS1000He; Bio-Rad). Primary transplastomic lines were selected
on plant regeneration medium (Svab and Maliga, 1993) containing
25 mg/L kanamycin. Several independent transplastomic lines were
generated for each construct and subjected to two to three additional
rounds of regeneration on kanamycin-containing plant regeneration
medium to select for stable homoplasmy.

Isolation of Nucleic Acids and Hybridization Procedures

Total plant DNA was extracted from plants grown under kanamycin
selection in vitro by a rapid cetyltrimethylammoniumbromide-based
method (Doyle and Doyle, 1990). For RFLP analysis, DNA samples were
digested with restriction enzymes, separated in 1.0% agarose gels, and
blotted onto Hybond N nylon membranes (GE Healthcare). Total plant
RNA was isolated with the peqGOLD TriFast reagent (Peqglab) following
the protocol of the manufacturer. RNA samples were denatured, sepa-
rated in denaturing formaldehyde-containing 1.2% agarose gels, and
blotted onto Hybond N nylon membranes (GE Healthcare). For hybridiza-
tion, [a-32P]dCTP-labeled probes were produced by random priming
(Multiprime DNA labeling kit; GE Healthcare). Amplified PCR products were
used as hybridization probes (for primer sequences, see Supplemental
Table 1). Hybridizations were performed at 65°C using standard protocols.

Quantitative Analysis of rRNA Accumulation

For relative quantitation of plastid and cytosolic rRNA species, total RNA
samples were analyzed in an Agilent 2100 Bioanalyzer using the RNA
6000 nano kit according to the instructions of the manufacturer (Agilent
Technologies). rRNA ratios were determined as described previously
(Walter et al., 2010). Three biological replicates were measured for all plant
lines and growth conditions. The mitochondrial rRNAs, although of dif-
ferent size than the plastid rRNAs (mitochondrial 26S rRNA, 3406 nu-
cleotides; mitochondrial 18S rRNA, 1902 nucleotides; NC_006581), are
not detected in these assays due to their much lower abundance.

Polysome Analyses

For isolation of polysomes, plants were germinated in soil and grown at
35°C and 100 uE m~2 s~ until they reached the four-leaf stage. For

temperature-shift experiments, plants were transferred to 22°C for 24 h.
To avoid artifacts from differences in leaf age or development, whole
plants (aboveground parts) were harvested and several plants were
pooled prior to polysome extraction. Polysome analysis and puromycin
treatment were performed essentially as described previously (Barkan,
1998; Rogalski et al., 2008) with the only exception that RNA pellets were
dissolved in 20 pL of 10 mM Tris HCI, pH 8.1. Aliquots of 5 L per fraction
were heat-denatured and loaded onto 1% denaturing formaldehyde-
containing agarose gels. Following electrophoretic separation, the gels
were blotted and hybridized to a radiolabeled psaA-specific probe
generated by PCR amplification with primer pair P5'psaA/P3’'psaA
(Supplemental Table 1).

Analysis of Ribosome Structure

The structure of the Escherichia coli ribosome (Seidelt et al., 2009) was
obtained from the Molecular Modeling Database MMDB (Madej et al.,
2012; PDB ID: 2WWL and 2WWQ). To visualize protein—protein inter-
actions and RNA-protein interactions, three-dimensional structures were
depicted with the Cn3D viewer (Wang et al., 2000).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL
databases under accession number Z00044.2 (tobacco chloroplast
genome).

Supplemental Data

The following materials are available in the online version of this article.
Supplemental Table 1. List of Oligonucleotides Used in This Study.
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